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,Q$OIUHG+LWFKFRFN·VILOP©5HDU:LQGRZªWKHSKRWRJUDSKHU/%-HIIULHV SOD\HGE\-DPHV
6WHZDUW LVERXQGWRDZKHHOFKDLUDQGVWXFNLQKLV*UHHQZLFK9LOODJHDSDUWPHQWDIWHUDQ
DFFLGHQW 2XWRI ERUHGRPKHVWDUWVREVHUYLQJKLVQHLJKERXUVWKURXJKWKHUHDUZLQGRZ
RI KLVIODW $WVRPHSRLQW KHGLVFRYHUVWKHVWUDQJHEHKDYLRXURI DVDOHVPDQ RQHRI KLV
QHLJKERXUV DQGFRPHVWRWKHFRQFOXVLRQWKDWKHPXVWKDYHPXUGHUHGKLVZLIH
$QDO\VLQJWKHVPDOOHVWFRQVWLWXHQWVRI PDWWHUDQGWKHLULQWHUDFWLRQVVRPHWLPHVIHHOVOLNH
EHLQJLQ-HIIULHVUROH 7KHKXPDQERG\LVXVHGWRGHWHFWLQJVFDOHVRI PHWUHVQRWIHPWRPHWUHV
²WKHH\HFDQGHWHFWSKRWRQVLQWKHHQHUJ\UDQJHRI H9 QRW *H9 2QHLVIDFHGZLWKDKXJH
JDSLQWKHVFDOHRI SHUFHSWLRQ PXFKOLNH-HIIULHVRQO\VHHVWKHHYHQWVIURPWKHRWKHUVLGH
RI WKHDSDUWPHQWEORFN 7RREVHUYH WKHGHWDLOV WR ILQDOO\ FRQFOXGH ZHQHHG WR UHVRUW
WRVRSKLVWLFDWHGWHFKQLFDODSSDUDWXVHV WKHWHOHVFRSHOHQVLQ©5HDU:LQGRZªEHFRPHVWKH
SDUWLFOHDFFHOHUDWRU WKHFDPHUDWKHSDUWLFOHGHWHFWRU ,QFRQWUDVWWR+LWFKFRFN·VWKULOOHU
UHVHDUFKLQSDUWLFOHSK\VLFVGRHVQRWIROORZDVFULSWHGSORW WKHVWRU\GRHVQRWHQGDIWHU
WZRKRXUV 7KHUHLVQR*UDFH.HOO\EULGJLQJWKHJDSEHWZHHQWKHHYHQWVDQGWKHREVHUYHU
WKDWGHOLYHUVWKHFUXFLDOSLHFHRI HYLGHQFH 2QHLVOHIWZLWKDQDWXUHWKDWGRHVDQVZHUWKH
TXHVWLRQVRQHDVNVRQO\LQGLUHFWO\ $QGQRILQDOWUXWKLVZLWKLQH\HVKRW ,WVHHPVOLNHHYHU\
OD\HUXQFRYHUHGUHYHDOVDQRWKHUP\VWHU\ DQRWKHULQFRQVLVWHQF\
7KHVLWXDWLRQWKHQIDLQWO\UHVHPEOHVWKHRQHRI 6LV\SKXV WKHWUDJLFKHURRI JUHHNP\WKRORJ\
ZKRLVEXUGHQHGWRUROODVWRQHXSDKLOO RQO\WROHWLWUROOGRZQDJDLQDQGVWDUWKLVWDVN
DOORYHU ,QDIDPRXVHVVD\ WKH)UHQFKZULWHU$OEHUW&DPXVWRRN6LV\SKXVDVWKHV\PERO
IRUWKHDEVXUGLW\RI OLIHZKLFKGRHVQRWJLYHDQVZHUVWRH[LVWHQWLDOTXHVWLRQV 7KLVDSSOLHV
WRSDUWLFOHSK\VLFVDVZHOO LWLVDEVXUGLQWKHVHQVHWKDWWKHUHVHDUFKHULVOHWDORQHZLWKKLV
UHVXOWV +HGHDOVZLWKDQDWXUHWKDWGRHVQRWIROORZDQ\GLVFHUQLEOHSDWK $QGWKHUHLVQR
ILQDOXQGHUVWDQGLQJ QRGHHSHVWOHYHORI NQRZOHGJHZKLFKFRXOGEHDWWDLQHG $QGQRKRSH
IRUDILQDOPHDQLQJ
7KHTXHVWLRQWKHQUHPDLQVZK\WKLVEDVLFUHVHDUFKLVXQGHUWDNHQDWDOO &DPXVFRQFOXGHV
WKDWRQHPXVWLPDJLQH6LV\SKXVKDSS\ +HLVDZDUHRI WKHIXWLOLW\RI KLVXQGHUWDNLQJDVKH
NQRZVWKDWKHZLOOQRWRYHUFRPHKLVIDWH %XWKHWDNHVKLVOLIHLQKLVRZQKDQGVZKHQKH
VWUXJJOHVZLWKWKHVWRQHRQWKHVORSH 7KHPRWLYDWLRQIRUUHVHDUFKLVQRWWRUHDFKDILQDO
XQGHUVWDQGLQJ WRILQGWKHPHDQLQJRI LWDOO ,W·VDERXWFKDUWLQJWKHXQNQRZQSRVVLELOLWLHV
,W·VWKHSOHDVXUHRI ILQGLQJRXWWKLQJV
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7KH6WDQGDUG0RGHORI 3DUWLFOH3K\VLFV60 GHVFULEHVWKHLQWHUSOD\EHWZHHQHOHPHQWDU\
SDUWLFOHVDQGWKHHOHFWURPDJQHWLF WKHZHDNDQGWKHVWURQJIRUFHV ,WLVHVVHQWLDOO\DPHUJHU
EHWZHHQWZRWKHRULHV WKH©*ODVKRZ:HLQEHUJ6DODPª*:6 PRGHOGHVFULELQJWKHHOHF
WURPDJQHWLFDQGWKHZHDNLQWHUDFWLRQV DQG©4XDQWXP&KURPRG\QDPLFVª4&'GHVFULE
LQJWKHVWURQJLQWHUDFWLRQ 7KH6WDQGDUG0RGHOGHVFULEHVWKHH[SHULPHQWDOILQGLQJVWRD
KLJKSUHFLVLRQLQPDQ\GLIIHUHQWUHJLPHV UDQJLQJIURPORZHQHUJLHVOLNH βGHFD\XSWRYHU\
KLJKHQHUJLHVDWKDGURQFROOLGHUV +RZHYHU WKH6WDQGDUG0RGHOLVQRWD©WKHRU\RI HYHU\
WKLQJª ,WLVQRWFRPSOHWHLQWKHVHQVHWKDWLWGRHVQRWGHVFULEHDOOSKHQRPHQDREVHUYHGLQ
QDWXUHHJ WKHFRPSRVLWLRQRI GDUNPDWWHU DQGWKDWLWKDVWKHRUHWLFDOVKRUWFRPLQJVHJ
WKHTXDGUDWLFGLYHUJHQFHRI WKH+LJJVPDVV VHHIRUH[DPSOH5HI >@ $QGPD\EHPRVW
LPSRUWDQWO\ LWGRHVQRWLQFRUSRUDWHJUDYLW\
7KLVFKDSWHUJLYHVDVKRUWRYHUYLHZRI WKHFRQVWLWXHQWVDQGWKHIRUPXODWLRQRI WKH6WDQGDUG
0RGHO TXLFNO\KLJKOLJKWVLWVVKRUWFRPLQJVDQGGHVFULEHVWKHSURGXFWLRQRI b TXDUNV ZKLFK
DUHRI IXQGDPHQWDO LQWHUHVWIRU WKLV WKHVLV $ WKHRUHWLFDORYHUYLHZRI WKHGHFD\ B0 →
K∗0µ+µ− ZKRVHDQDO\VLVZLOOEHGLVFXVVHGLQWKLVWKHVLVLVJLYHQLQ&KDS 
7KHLQWURGXFWLRQWRWKH6WDQGDUG0RGHOLQWKHIROORZLQJSDJHVLVE\QRPHDQVFRPSOHWH
)RUDPRUH WKRURXJKRYHUYLHZFRQVLGHU5HI >@ $Q LQWURGXFWLRQ WR4&' LVJLYHQ LQ
5HIV >@ >@DQGDWUHDWPHQWRI WKH*:6 PRGHODND©(OHFWURZHDN7KHRU\ª LVJLYHQLQ
5HI >@ 'LIIHUHQWDVSHFWVRI WKH6WDQGDUG0RGHODQGEH\RQGDUHGLVFXVVHGLQ5HI >@
7b8b # *)./$/0 )/. *! /# /)- * '
,QQDWXUH SDUWLFOHV DUH HLWKHU UHDOLVHGDV ©IHUPLRQVª SDUWLFOHVZLWKKDOILQWHJHU VSLQ RU
©ERVRQVª SDUWLFOHVZLWKLQWHJHUVSLQ $OOWKHTXDUNVDQGOHSWRQV WKHSDUWLFOHVQRUPDOO\
DVVRFLDWHGWRZKDWLVFDOOHG©PDWWHUªDUHIHUPLRQV 7KHERVRQVDUHWKHIRUFHFDUULHUV WKH
SDUWLFOHVWKDWDUHH[FKDQJHGEHWZHHQWKHIHUPLRQVDQGDPRQJVWHDFKRWKHU )RUWKHHOHF
WURPDJQHWLFIRUFHWKH\©WUDQVPLWªWKHDWWUDFWLQJRUUHSHOOLQJIRUFHZKLFKLVUHVSRQVLEOHIRU
7KHWHUP©SDUWLFOHªLQSK\VLFVLVD©SK\VLFDOV\VWHPWKDWKDVQRFRQWLQXRXVGHJUHHVRI IUHHGRPH[FHSWIRU
LWVPRPHQWXPª >@
  
ERXQGVWDWHV 2QHSDUWLFXODUERVRQ WKH+LJJVERVRQ LVUHVSRQVLEOHIRUWKHSDUWLFOHVWR
DFTXLUHPDVV
7b8b7b 0-&.
4XDUNVDUHPDVVLYHIHUPLRQV 7KHOLJKWHVWRI WKHPDUHWKRXJKWWREHWKHHOHPHQWDU\FRQ
VWLWXHQWV RI ZKDWPDNHVXSWKHQXFOHLRI DWRPV LH SURWRQVDQGQHXWURQV 7KH\FDQEH
FODVVLILHGDV©XSªRU©GRZQªW\SHDFFRUGLQJ WR WKHLU IUDFWLRQDOHOHFWULFFKDUJH ZKLFK LV
HLWKHU −1/3 GRZQW\SHRU +2/3 XSW\SH 7KH6WDQGDUG0RGHOLQFRUSRUDWHVVL[GLI
IHUHQWTXDUNV QDPHG©XSª ©GRZQª ©FKDUPª ©VWUDQJHª ©WRSª ©ERWWRPEHDXW\ª DQGWKH
FRUUHVSRQGLQJDQWLTXDUNV 7KHPDVVHVRI WKHTXDUNVDUHDIUHHSDUDPHWHURI WKH6WDQGDUG
0RGHODQGUDQJHVIURPVHYHUDO 0H9/c2 XSDQGGRZQTXDUNXSWRDERXW*H9/c2 IRU
WKHWRSTXDUN 4XDUNVFDQEHFODVVLILHGLQWKUHHIDPLOLHV 7KHXSW\SHDQGWKHFRUUHVSRQG
LQJGRZQW\SHTXDUNVDOZD\VEXLOGDGRXEOHWRI ZHDNLVRVSLQ7WKHTXDQWLW\FRXSOLQJWKH
TXDUNVWRWKHZHDNLQWHUDFWLRQ 7KHRUGHURI WKHIDPLOLHVLVJLYHQE\WKHPDVVRI WKHTXDUNV
E\FRQYHQWLRQ ,QDGGLWLRQWRWKHLUHOHFWULFDODQG©ZHDNªFKDUJH TXDUNVDOVRFDUU\FRORXU
FKDUJHZLWKWKUHHSRVVLEOHFRORXUVGHQRWHGDV R G RU B 4XDUNVDUHWKHUHIRUHDIIHFWHG
E\DOOWKUHHLQWHUDFWLRQVLQWKH6WDQGDUG0RGHO 7KHLUSURSHUWLHVDUHVXPPDULVHGLQ7DEOH
 DQG  WKHLUTXDQWXPQXPEHUVDUHVKRZQLQ7DEOH 
)RUWKLVWKHVLVWKHERWWRPETXDUNLVRI VSHFLDOLQWHUHVW :LWKDPDVVRI DERXW*H9/c2
LQWKH 06 PDVVVFKHPH LWLVWKHVHFRQGKHDYLHVWTXDUNLQWKH6WDQGDUG0RGHODQGKDV
DYHU\ ULFKGHFD\VWUXFWXUH OHDGLQJ WRPDQ\GLIIHUHQW ILQDO VWDWHV 6LQFH LWVGLVFRYHU\ LQ
 LQ WKH Υ (1S) UHVRQDQFH >@DQGWKHGLVFRYHU\RI WKH B PHVRQ >@ >@ DQDO\VHV
RI SDUWLFOHVFRQWDLQLQJD b TXDUNKDYHDOORZHGWKHH[WUDFWLRQRI PDQ\REVHUYDEOHVRI WKH
6WDQGDUG0RGHO HJ RVFLOODWLRQVRI QHXWUDOB PHVRQV >@RUGHWHUPLQDWLRQRI &.0PDWUL[
HOHPHQWV >@VHHODWHU 7KH b TXDUNLVWKHKHDYLHVWTXDUNNQRZQWRIRUPERXQGVWDWHVDW
WKHSUHVHQWWLPH
7DEOH  &ODVVLILFDWLRQRI TXDUNVDFFRUGLQJWRWKHLUHOHFWULFDOFKDUJHDQGIDPLO\
&KDUJH  IDPLO\  IDPLO\  IDPLO\
 XSX FKDUPF WRSW
 GRZQG VWUDQJHV ERWWRPE
7KHTXDUNVDUHFRQVLGHUHG©SRLQWOLNHª LH QRVXEVWUXFWXUHKDVEHHQIRXQG\HW
7KHFKDUJHLVDOZD\VJLYHQLQIUDFWLRQVRI WKHIXQGDPHQWDOFKDUJH 1.602 · 10−19&
0RUHSUHFLVHO\ RQO\WKHOHIWKDQGHGTXDUNVKDYHDQRQYDQLVKLQJZHDNLVRVSLQ
7KHPDVVHVRI WKHTXDUNVFDQQRWEHPHDVXUHGGLUHFWO\H[FHSWWKHPDVVRI WKHWRSDQGWKHFDOFXODWLRQ
LVGHSHQGHQWRQWKHUHQRUPDOLVDWLRQVFKHPH 06 LVRQHSDUWLFXODUVFKHPHDQGLWLVXVHGIRUWKHPDVVHV
TXRWHGLQ5HI >@
  
7DEOH  0DVVHVRI WKHTXDUNV 7KHQXPEHUV DUH WDNHQ IURP5HI >@ 2QO\ WKH WRS
TXDUNPDVVFRPHVIURPDGLUHFWPHDVXUHPHQW 1RWHWKHFRPPHQWDERXWWKH
FDOFXODWLRQRI TXDUNPDVVHVLQ5HI >@
1DPH 0DVV
GRZQ 4.1− 5.80H9/c2
XS 1.7− 3.30H9/c2
VWUDQJH 101+29−210H9/c2
FKDUP 1.27+0.07−0.09*H9/c2
ERWWRP 4.19+0.18−0.06*H9/c2
WRS 172± 0.9± 1.3*H9/c2
7b8b8b  +/*).
/HSWRQVDUHIHUPLRQVDQG OLNHTXDUNV FDQEHFODVVLILHGLQWKUHHIDPLOLHV 7KH\FDQEHGL
YLGHGLQFKDUJHGOHSWRQVDQGQHXWUDOOHSWRQV FDOOHGQHXWULQRV +RZHYHU ZKLOHWKHFKDUJHG
OHSWRQVKDYHPDVV WKHQHXWULQRVDUHPDVVOHVV 7KH\FDQRQO\LQWHUDFWZHDNO\ ZKLOHWKH
FKDUJHG OHSWRQVFDQDOVR LQWHUDFWHOHFWURPDJQHWLFDOO\ 7KHPDVVRI WKHFKDUJHGOHSWRQV
UDQJHVIURP0H9/c2 IRUWKHHOHFWURQXSWR0H9/c2 IRUWKH τ OHSWRQ ,QWKH6WDQ
GDUG0RGHO WKHOHSWRQIDPLO\QXPEHULVFRQVHUYHG LH WKHQXPEHURI OHSWRQVEHORQJLQJWR
DFHUWDLQIDPLO\KDVWRVWD\FRQVWDQWWKURXJKRXWDSURFHVV 7KLVLVLQFRQWUDVWWRWKHTXDUN
IDPLOLHV ZKHUHWKLVLVQRWWKHFDVH 7KHOHSWRQVDQGVRPHRI WKHLUSURSHUWLHVDUHOLVWHGLQ
7DEOH  DQG  DQGWKHLUTXDQWXPQXPEHUVDUHJLYHQLQ7DEOH 
7DEOH  &ODVVLILFDWLRQRI OHSWRQVDFFRUGLQJWRWKHLUHOHFWULFDOFKDUJHDQGIDPLO\
&KDUJH  IDPLO\  IDPLO\  IDPLO\
 HOHFWURQH PXRQµ WDXτ 
 HOHFWURQQHXWULQRνe PXRQQHXWULQRνµ WDXQHXWULQRντ 
)RUWKH*:6 PHFKDQLVPWREHPDWKHPDWLFDOO\FRQVLVWHQW WKHQXPEHURI OHSWRQDQGTXDUNIDPLOLHVKDYH
WRDJUHH VHH5HI >@
([SHULPHQWDOUHVXOWVVKRZWKDWQHXWULQRVGRDFWXDOO\KDYHPDVV DOEHLWDVVPDOORQH VHHIRUH[DPSOH5HIV
>@DQG >@ +RZHYHU WKHLUPDVVLVQRUPDOO\QRWH[SODLQHGZLWKWKHVDPHPHFKDQLVPDVWKHPDVVIRU
WKHRWKHUIHUPLRQVWKH+LJJVPHFKDQLVP EXWZLWKPRGHOVWKDWDUHEH\RQGWKH6WDQGDUG0RGHO ,I QRW
H[SOLFLWO\VWDWHG QHXWULQRVDUHDVVXPHGPDVVOHVVLQWKHIROORZLQJ
  
7DEOH  0DVVHVRI WKHOHSWRQV 7KHQXPEHUVIRUWKHFKDUJHGOHSWRQVDUHWDNHQIURP
5HI >@DQGWKHXSSHUOLPLWVIRUWKHQHXWULQRVIURP5HI >@
1DPH 0DVV
HOHFWURQ 0.5110H9/c2
PXRQ 105.70H9/c2
WDX 17770H9/c2
HOHFWURQQHXWULQR  H9/c2
PXRQQHXWULQR 0H9/c2
WDXQHXWULQR 0H9/c2
7b8b9b *.*).
7KH6WDQGDUG0RGHOLQFRUSRUDWHVILYHIXQGDPHQWDOERVRQV )RXUDFWDVIRUFHFDUULHUVDQG
KDYHVSLQ WKHSKRWRQγIRUWKHHOHFWURPDJQHWLFIRUFH WKH W DQG Z0 ERVRQVIRUWKH
ZHDNIRUFHDQGWKHJOXRQJIRUWKHVWURQJIRUFH 3KRWRQVDUHHOHFWULFDOO\QHXWUDODQGFDQ
QRWLQWHUDFWZLWKHDFKRWKHU 7KH Z0 ERVRQVDUHDOVRHOHFWULFDOO\QHXWUDO ZKLOHW ERVRQV
DUHFKDUJHG³ERWKFDUULHUVRI WKHZHDNIRUFHFDQLQWHUDFWZLWKHDFKRWKHUYLDWULSOHRU
TXDUWLFERVRQFRXSOLQJV 7KHJOXRQVFDUU\FRORXUFKDUJHDQGXQGHUJRVHOILQWHUDFWLRQV
7KHSUHVHQFHRI VHOILQWHUDFWLRQVRI JOXRQVDQGWKHLUDEVHQFHIRUSKRWRQVPDQLIHVWVLWVHOI
LQ WKHGLIIHUHQWEHKDYLRXURI  WKHHOHFWURPDJQHWLFDQGWKHVWURQJIRUFHDVD IXQFWLRQRI
WKHGLVWDQFH :KLOHWKHVWURQJFRXSOLQJEHFRPHVVWURQJHUIRUODUJHUGLVWDQFHV WKHHOHF
WURPDJQHWLFIRUFHEHFRPHVZHDNHU *OXRQVH[LVW LQHLJKWW\SHV HDFKKDYLQJDGLIIHUHQW
FRPELQDWLRQRI FRORXUDQGDQWLFRORXU 7KHODVWERVRQLVWKH+LJJVERVRQ ,WKDVVSLQ
DQGLVUHVSRQVLEOHIRUWKHPDVVRI WKH W DQG Z0 ERVRQVDVZHOODVWKHPDVVHVRI WKH
TXDUNVDQGWKHFKDUJHGOHSWRQV 7KHILYHERVRQVDQGWKHLUSURSHUWLHVDUHVXPPDULVHGLQ
7DEOH 
7b9b # !*-('$.( *! /# /)- * '
7KH6WDQGDUG0RGHOLVIRUPXODWHGXVLQJWKHIUDPHZRUNRI TXDQWXPILHOGWKHRU\ZKHUHWKH
TXDUNV OHSWRQVDQGERVRQVDUHUHSUHVHQWHGYLDTXDQWXPILHOGV 7KHVHILHOGVREH\FHUWDLQ
UHODWLRQV QDPHO\WKH\DUHLQYDULDQWXQGHUORFDOWUDQVIRUPDWLRQVRI DJDXJHJURXS 68(3)
× 68(2) × 8(1) LQWKHFDVHRI WKH6WDQGDUG0RGHO 7KLVEHKDYLRXULVFDOOHG©ORFDOJDXJH
LQYDULDQFHªDQGUHVXOWVLQILYHGLVWLQFWTXDQWXPILHOGVIRUWKHIHUPLRQV ,Q7DEOH  WKH
IHUPLRQILHOGVZLWKVRPHTXDQWXPQXPEHUVDUHOLVWHG $QLPSRUWDQWSURSHUW\RI WKHVH
ILHOGVLVWKHLU©FKLUDOLW\ª WKH\DUHHLWKHUOHIWRUULJKWKDQGHG 7KHFKLUDOLW\FDQEHREWDLQHG
7KHQLQWKJOXRQLVFRORXUOHVVDQGWKHUHIRUHGRHVQRWFRXSOHWRDQ\WKLQJ
  
7DEOH  )XQGDPHQWDOERVRQVLQWKH6WDQGDUG0RGHODQGVRPHRI WKHLUSURSHUWLHV
1DPH (OHFWULFDOFKDUJH 6SLQ 0DVV>*H9/c2 @ ,QWHUDFWLRQVWUHQJWK
3KRWRQ γ    α ∼ 1/137
W ERVRQ ±1  
GF ∼ 10−5 1*H9Z0 ERVRQ   
*OXRQJ    αS ∼ 0.1
+LJJV+ ERVRQ    
E\XVLQJSURMHFWRUV
ψL = PLψ =
1
2
(1− γ5)ψ 
ψR = PRψ =
1
2
(1 + γ5)ψ, 
ZKHUH ψ LVDIHUPLRQILHOG γ5 = iγ0γ1γ2γ3 DQG γi LVD'LUDF γPDWUL[ :KLOHWKHHOHF
WURPDJQHWLFDQGWKHVWURQJLQWHUDFWLRQVGRQRWGLVWLQJXLVKEHWZHHQOHIWDQGULJKWKDQGHG
IHUPLRQV WKHZHDN LQWHUDFWLRQZLWK WKH W DQG Z0 ERVRQVRQO\FRXSOHV WR OHIWKDQGHG
SDUWLFOHV 7KHULJKWKDQGHGSDUWLFOHVFRQVHTXHQWO\KDYHD]HURZHDNLVRVSLQ T  VHH7DEOH

7KHLQWHUDFWLRQRI WKHIHUPLRQVZLWKWKHERVRQLFILHOGVDQGWKHG\QDPLFVRI WKHERVRQLF
ILHOGVLWVHOI DUHJLYHQE\WKHIROORZLQJ/DJUDQJLDQ
LJDXJH =
∑
j=1,...,3
∑
ψ=QjL,...,E
j
R
ψ¯i /Dψ 
−1
4
∑
a=1,...,8
GaµνG
a
µν −
1
4
∑
a=1,...,3
W aµνW
a
µν −
1
4
BµνBµν , 
ZKHUH j UXQVRYHUWKHWKUHHTXDUNDQGOHSWRQIODYRXUV ψ UXQVRYHUWKHTXDUNDQGOHSWRQ
VLQJOHWVDQGGRXEOHWVDVGHVFULEHGLQ7DEOH  /D LVWKHFRYDULDQWGHULYDWLYH Gaµν LVWKH
7KHFRXSOLQJVWUHQJWKGHSHQGVRQ WKHHQHUJ\ZKLFK LVPRVWO\GXH WR WKHVHOIFRXSOLQJRI  WKHJOXRQV
)RUKLJKHQHUJLHVWKHFRXSOLQJLVZHDNDQGWKHTXDUNVEDVLFDOO\EHKDYHOLNHIUHHSDUWLFOHV©DV\PSWRWLF
IUHHGRPª )RUORZHQHUJLHVO(1*H9)WKHTXDUNVEHFRPHVWURQJO\ERXQG 7KHYDOXHJLYHQKHUHLV
HYDOXDWHGDWWKH Z0 PDVV 7KHHOHFWURPDJQHWLFFRXSOLQJRQO\VKRZVOLWWOHYDULDWLRQDVDIXQFWLRQRI WKH
HQHUJ\
7KHUHVRQDQFHIRXQGDWDERXW*H9/c2 E\WKH$7/$6 >@DQG&06 >@FROODERUDWLRQVLVFRQVLVWHQW
ZLWKEHLQJWKH+LJJVERVRQ +RZHYHU QRGHILQLWHVWDWHPHQWDERXWWKHSUHFLVHQDWXUHRI WKHGLVFRYHUHG
SDUWLFOHFDQEHJLYHQDWWKHWLPHRI WKLVWKHVLV
  
7DEOH  /LVWLQJRI DOOIHUPLRQVLQWKH6WDQGDUG0RGHOH[FOXGLQJWKHDQWLSDUWLFOHV 7KH
VXEVFULSW L VWDQGVIRUOHIWKDQGHGZKLOH R PHDQVULJKWKDQGHG T LVWKHZHDN
LVRVSLQ T3 WKHWKLUGFRPSRQHQWRI WKHZHDNLVRVSLQ Y WKHZHDNK\SHUFKDUJH
DQGQ WKHHOHFWULFDOFKDUJHLQXQLWVRI WKHIXQGDPHQWDOFKDUJH T3 Y DQGQ DUH
FRQQHFWHGYLD Q = T3 + Y2  WKH*HOO0DQQ²1LVKLMLPDIRUPXOD
6\PERO )DPLO\ T T3 Y Q
LL
(
νe,L
eL
) (
νµ,L
µL
) (
ντ,L
τ
)
   
  
ER eR µR τR    
QL
(
uL
d′L
) (
cL
s′L
) (
tL
b′L
)
   
  
UR uR cR tR    
DR dR sR bR    
ILHOGVWUHQJWKWHQVRUIRUWKHJOXRQILHOGZLWK a UXQQLQJRYHUDOOHLJKWJOXRQV DQGW aµν DQG
Bµν DUHWKHILHOGVRI WKHHOHFWURZHDNWKHRU\ 7KHILUVWSDUWRI WKH/DJUDQJLDQFRUUHVSRQGV
WRWKHLQWHUDFWLRQEHWZHHQWKHIHUPLRQLFPDWWHUDQGWKHERVRQLFILHOGVDQGLVHVVHQWLDOO\D
'LUDFHTXDWLRQIRUPDVVOHVVIHUPLRQV 7KHVHFRQGSDUWFRUUHVSRQGVWRWKHILHOGVWUHQJWK
RI WKHERVRQV
$VWKHIHUPLRQV OHSWRQVDQGWKH W DQG Z0 ERVRQVDUHQRWPDVVOHVVLQQDWXUH DPHFKD
QLVPKDVWREHLQWURGXFHGWROHWWKHPDFTXLUHPDVV +RZHYHU WKHLQWURGXFWLRQRI D'LUDF
PDVVWHUPOLNH mψψ¯ZRXOGGHVWUR\JDXJHLQYDULDQFH ZKLFKLVQRWGHVLUHG $ GLIIHUHQW
DSSURDFKWKHUHIRUHKDVWREHIROORZHG ZKLFK LVDFKLHYHGE\WKH+LJJVPHFKDQLVP >@
>@ >@ >@ >@ ,WLQWURGXFHVDFRPSOH[VFDODUILHOG φ WKH+LJJVILHOG ZLWKDQRQ]HUR
YDFXXPH[SHFWDWLRQYDOXH v WKURXJKRXWVSDFH ,I WKHSRWHQWLDO V (φ) LVFKRVHQVXFKWKDWLWV
PLQLPXPLVQRWV\PPHWULFZLWKUHVSHFWWR φ PDVVWHUPVFDQEHJHQHUDWHGZLWKRXWEUHDN
LQJJDXJHLQYDULDQFH 7KLVLVFDOOHG©VSRQWDQHRXVV\PPHWU\EUHDNLQJª DVWKHJURXQGVWDWH
LVQRWLQDV\PPHWULFSRVLWLRQRI WKHSRWHQWLDO V (φ) )RUWKHTXDUNV WKLVUHVXOWVLQWKH
LQWURGXFWLRQRI ©<XNDZDFRXSOLQJVª ZKLFKOHWVWKHPDFTXLUHPDVVYLDLQWHUDFWLRQVZLWK
WKH+LJJVILHOG
L<XNDZD = Y
ij
d Q¯
i
LφD
j
R + Y
ij
u Q¯
i
Lφ˜U
j
R (+h.c.), 
ZLWK φ WKH+LJJV ILHOGDQG Y ijd,u WKHFRXSOLQJFRQVWDQWV IRU WKHPDVV 7KHPDVVRI WKH
TXDUNVDUHWKHQ mq = Yq v√2 DQGWKHUHIRUHSURSRUWLRQDOWRWKHLUFRXSOLQJWRWKH+LJJV
7KHVLWXDWLRQLVVLPLODUIRUFKDUJHGOHSWRQV
  
ILHOG 7KHPDWULFHV Y ijd,u DUHQRWGLDJRQDO WRGLDJRQDOLVHWKHPIRXULQGHSHQGHQWPDWULFHV
ZRXOGEHQHHGHG +RZHYHU RQO\WKUHHRI WKHPFDQEHFKRVHQIUHHO\ KHQFHRQO\RQHRI
WKH Y PDWULFHVFDQEHGLDJRQDOLVHG 1RUPDOO\WKHRQHZLWKWKHXSW\SHTXDUNVLVFKRVHQ
ZKLFKOHDYHVWKHRQHZLWKWKHGRZQW\SHTXDUNVQRQGLDJRQDO 7KLVUHVXOWVWKHQLQ
Yu = I ·
uc
t
 Yd = I ·
d′s′
b′
 = VCKM
ds
b
 
ZLWK I WKHLGHQWLW\PDWUL[DQG VCKM WKH&DEELER.RED\DVKL0DVNDZD&.0 >@PDWUL[
,WUHODWHVWKHIODYRXUHLJHQVWDWHV (d′, s′, b′) WRWKHPDVVHLJHQVWDWHV (d, s, b)
7KH&.0 PDWUL[ZLWKDOOLWVHOHPHQWVLVVud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 . 
7KHPDWUL[LVXQLWDU\ 7KHHOHPHQWVRII WKHGLDJRQDOVKRZDVWURQJKLHUDUFKLFDORUGHU |Vus|
DQG |Vcd| DUHDERXW |Vcb| DQG |Vts| RI RUGHU 4·10−2 DQG |Vub| DQG |Vtd| RI RUGHU 5·10−3
$VWKHPDWUL[LVXQLWDU\DQGRQHJOREDOSKDVHLVQRWREVHUYDEOH IRXUIUHHSDUDPHWHUVUHPDLQ
7KUHHDUHWKHTXDUNPL[LQJDQJOHVDQGRQHLVDFRPSOH[SKDVH 7KLVFRPSOH[SKDVHJLYHV
ULVHWR©CP YLRODWLRQªLQWKH6WDQGDUG0RGHO LH WKHGLIIHUHQWEHKDYLRXURI SDUWLFOHVDQG
DQWLSDUWLFOHVLQWKHZHDNLQWHUDFWLRQ
$QRWKHUFRQVHTXHQFHRI WKH&.0PDWUL[DQGWKHPDJQLWXGHRI LWVHOHPHQWVLVWKDWKDGURQV
ZLWKD b TXDUNFRPSRQHQWKDYHDORQJOLIHWLPH $VWKHGHFD\WRDWRSTXDUNLVIRUELGGHQ
E\WKHPDVVGLIIHUHQFH WKH b TXDUNFDQRQO\GHFD\WROLJKWHUIODYRXUV ZKLFKLVVXSSUHVVHG
E\WKH&.0HOHPHQW 7KLVLVFRPPRQO\UHIHUUHGWRDV©&DELEERVXSSUHVVLRQª 7KHHIIHFW
LVHYHQPRUHSURQRXQFHGLQSURFHVVHVZKLFK IRUH[DPSOH LQYROYHWKHWUDQVLWLRQRI D b WR
D u TXDUN
7b9b7b '1*0- #)"$)" ) 0/-' 0-- )/.
$WILUVWJODQFH WUDQVLWLRQVRI WKHVRUW b → s RU s → d VHHPSRVVLEOHE\H[FKDQJLQJD Z0
ERVRQ +RZHYHU LQWKH6WDQGDUG0RGHOWKLVLVQRWWKHFDVHRQWUHHOHYHO VHH)LJ 
7KH©*,00HFKDQLVPª >@ VWDWHV WKDW IODYRXUFKDQJLQJQHXWUDO FXUUHQWV )&1&VFDQ
RQO\RFFXURQ OHYHOVKLJKHU WKDQ WUHHOHYHO LI  WKHTXDUNV DUH DUUDQJHG LQGRXEOHWV DV LQ
WKH6WDQGDUG0RGHO 7KHUHDVRQLVWKDWWKHQHXWUDOFXUUHQW LVGLDJRQDO LQIODYRXUVSDFH
ZKHQKDYLQJVL[TXDUNVLQWKUHHGRXEOHWV 7KH*,0 PHFKDQLVPFRXOGDOVRH[SODLQZK\
WKHEUDQFKLQJIUDFWLRQRI WKHGHFD\ K0→ µ+µ− ZDVPXFKVPDOOHUWKDQH[SHFWHG 7KH
7KDWDOVRPHDQVWKDWWKLVPHFKDQLVPKDVQRSUHGLFWLYHSRZHUIRUWKHTXDUNPDVVHV DVWKH<XNDZDFRX
SOLQJVDUHQRWNQRZQ DSULRUL
7UHHOHYHOVWDQGVIRUILUVWRUGHULQSHUWXUEDWLRQWKHRU\
  
D E
)LJXUH  )H\PDQGLDJUDPVIRUWKHIODYRXUFKDQJLQJQHXWUDOFXUUHQW b→ s 'LDJUDPD
LVQRWDOORZHGLQWKH60)&1&VLQWKHORZHVWRUGHUDUHRQO\UHDOLVHGDVORRS
GLDJUDPVDVGHSLFWHGLQGLDJUDPE
DXWKRUVSURSRVHGWKHH[LVWHQFHRI DQHZTXDUN WKH c TXDUN ZKRVHH[LVWHQFHZRXOGOHDG
WRGHVWUXFWLYHLQWHUIHUHQFHDQGWKHUHIRUHWRDYDQLVKLQJRI WKLVGHFD\PRGH ,QUHDOLW\ WKH
ILQLWHPDVVGLIIHUHQFHEHWZHHQWKH s DQGWKH c TXDUNEUHDNVWKH*,0 PHFKDQLVP KHQFH
WKHEUDQFKLQJIUDFWLRQRI K0→ µ+µ− LVRQO\VWURQJO\VXSSUHVVHGEXWQRW]HUR
7KHRQO\SRVVLELOLW\WKHQWRVWXG\)&1&VLVWRH[DPLQHORRSSURFHVVHV +RZHYHU WKHVH
SURFHVVHVDUHPRUHUDUHWKDQWUHHOHYHORQHV DVWKH\LQYROYHDWOHDVWWZRFKDUJHGIODYRXU
FKDQJLQJFXUUHQWV 2QHRI WKHVHFXUUHQWVLVEHWZHHQWZRTXDUNIDPLOLHVZKLFKLVVXSSUHVVHG
E\WKHFRUUHVSRQGLQJHOHPHQWRI WKH&.0PDWUL[ $QH[DPSOHIRUVXFKDGHFD\LVWKH
SURFHVV B0→ K∗0µ+µ− ZKLFKZLOOEHGLVFXVVHGLQGHWDLOLQWKH&KDSV     DQG 
7b9b8b + -/*- +-*0/  3+).$*)
3URFHVVHVRI % PHVRQGHFD\VLQYROYHWZRGLIIHUHQWHQHUJ\VFDOHV WKHHOHFWURZHDNVFDOH
ZKLFKLVGHILQHGE\WKHW PDVV DQGΛ4&' JRYHUQLQJWKHHQHUJ\VFDOHRI WKHKDGURQLVDWLRQ
7UHDWLQJWKHVHWZRVFDOHVWRJHWKHUOHDGVWRFRPSOLFDWLRQVLQWKHFDOFXODWLRQRI WKHGHFD\
DPSOLWXGHV $ VROXWLRQ LV WR LQWHJUDWHRXW WKHKHDY\ ILHOGVRI  WKH6WDQGDUG0RGHO WKH
W DQG Z0 ERVRQVDQGWKHWRSTXDUNOHDYLQJDQ©HIIHFWLYHªWKHRU\ZKHUHRQO\WKHOLJKW
ILHOGVDSSHDU 7KLVLVVLPLODUWRWKH)HUPLWKHRU\RI WKH βGHFD\ ZKHUHRQO\DIRXUSRLQW
LQWHUDFWLRQZDVFRQVLGHUHGDQGWKH W ZDVLQWHJUDWHGRXWDVWKHH[LVWHQFHRI WKH W DQG
Z0 ERVRQVZHUHQRWNQRZQDWWKDWWLPH >@
7KHPDWUL[HOHPHQWIRUDTXDUNGHFD\LQJIURPVRPHLQLWLDOVWDWH i WRVRPHILQDOVWDWH f LQ
WKHHIIHFWLYHWKHRU\LV
Mi→f = 〈f |HHII|i〉 = −4GF√
2
λCKM
∑
i
Ci(µ)〈f |Oi(µ)|i〉. 
HHII LVWKHHIIHFWLYH+DPLOWRQLDQ GF LVWKH)HUPLFRQVWDQW λCKM WKH&.0 PDWUL[HOH
  
PHQWVFRUUHVSRQGLQJWRWKHGHFD\DQG µ LVWKHUHQRUPDOLVDWLRQVFDOH 7KHVFDOH µ VHSDUDWHV
WKHSUREOHPLQWZRSDUWV RQHRI VKRUWGLVWDQFHHIIHFWV LQFRUSRUDWHGLQWRWKH Ci(µ) DQG
RQHRI ORQJGLVWDQFHHIIHFWV LQFRUSRUDWHGLQWKHOi(µ) 7KH Ci(µ) DUHFDOOHG:LOVRQFRHI
ILFLHQWV ,I QHZSK\VLFVZLWKPDVVHVDERYHWKHPDVVHVRI WKH6WDQGDUG0RGHOZRXOGH[LVW
LWFRXOGDOWHUWKH:LOVRQFRHIILFLHQWVDQGZRXOGWKHUHIRUHEHYLVLEOHLQDQH[SHULPHQWDVD
GHYLDWLRQIURPWKHFDOFXODWLRQ
,QSULQFLSOHWKHUHDUHDQLQILQLWHQXPEHURI RSHUDWRUV Oi(µ) +RZHYHUQRWHYHU\RSHUDWRU
FRQWULEXWHVWRHYHU\GHFD\ )XUWKHUPRUHWHUPVZLWK O(µ2/M2W ) DQGKLJKHUFDQEHQH
JOHFWHGDVWKH\DUHVXSSUHVVHGE\WKHODUJHPDVVRI WKHW  )RUWKHGHFD\B0→ K∗0µ+µ−
WKHIROORZLQJRSHUDWRUVDUHLPSRUWDQWLQWKH6WDQGDUG0RGHO
O7 = e
16pi2
mb (s¯σ
µνPRb)Fµν 
O9 = e
2
16pi2
(s¯γµPLb)(,¯γµ,)
O10 = e
2
16pi2
(s¯γµPLb)(,¯γµγ5,)
ZLWK e WKH IXQGDPHQWDO HOHFWULFDO FKDUJH Fµν WKH HOHFWURPDJQHWLF ILHOG WHQVRU σµν =
[γµ, γν ] DQG PR,L = (1 ± γ5) 7KHV\PEROV b DQG s GHQRWHWKHILHOGVIRUWKHERWWRP
DQGWKHVWUDQJHTXDUN , WKHILHOGIRUDOHSWRQ 7KHRSHUDWRUV O9 DQG O10 ERWKKDYHWKH
VDPHLQLWLDODQGILQDOVWDWHV EXWO9 WUHDWVYHFWRUFXUUHQWV ZKLOHO10 WUHDWVD[LDOYHFWRUFXU
UHQWV 7KHULJKWKDQGHGFRXQWHUSDUWRI DOOWKHVHRSHUDWRUVDOVRH[LVWDQGDUHGHQRWHGZLWK
O′7 O′9 DQG O′10 WKH\H[FKDQJH PR ↔ PL $GGLWLRQDOO\ DOVRVFDODURUWHQVRURSHUDWRUV
FDQEHIRUPXODWHG 7KHRSHUDWRUVIRU(TV  DUHYLVXDOLVHGLQ)LJ 
7b:b # /)- * ' )  4*)
'HVSLWHLWVUHPDUNDEOHVXFFHVV WKH6WDQGDUG0RGHOLVQRWEHOLHYHGWREHWKHILQDOWKHRU\
H[SODLQLQJDOOREVHUYDEOHSKHQRPHQDLQWKHILHOGRI SDUWLFOHSK\VLFV ,WLVUDWKHUFRQVLGHUHG
DQHIIHFWLYHWKHRU\WKDWLVYDOLGDWWKHHOHFWURZHDNVFDOH 6RPHRI WKHUHDVRQVDUHOLVWHGLQ
WKHIROORZLQJ
 7KHP\VWHU\RI GDUNPDWWHU ,WZDVREVHUYHGDORQJWLPHDJRE\=ZLFN\ >@WKDW
WKHURWDWLRQRI JDOD[LHVIRUODUJHUDGLDOGLVWDQFHVLVWRRIDVWWREHLQHTXLOLEULXPEH
WZHHQJUDYLWDWLRQDODQGFHQWULIXJDOIRUFH ,WFDQKRZHYHUEHH[SODLQHGE\SRVWXODWLQJ
©GDUNPDWWHUªLQWKHKDORRI JDOD[LHV IRUZKLFKPRUHDQGPRUHHYLGHQFHKDVEHHQ
IRXQG LQWKHSDVW\HDUV VHHIRUH[DPSOH5HI >@ 'DUNPDWWHU LVEHOLHYHGWREH
DWPRVWZHDNO\LQWHUDFWLQJ DSDUWIURPLWVJUDYLWDWLRQDOLQWHUDFWLRQ ,QWKH6WDQGDUG
0RGHO QRFDQGLGDWHIRUWKLVW\SHRI PDWWHUH[LVWV 7KHPDVVRI WKHQHXWULQRVDQG
WKHLUGHQVLW\LQWKHXQLYHUVHLVWRRVPDOOWRH[SODLQWKHHIIHFW
  
 7KHULGGOHRI EDU\RQDV\PPHWU\ :KLOHDOPRVWQRDQWLEDU\RQLFPDWWHU LVRE
VHUYHGLQWKH8QLYHUVH EDU\RQLFPDWWHUH[LVWVLQDEXQGDQFH 7KLVDV\PPHWU\LVXQ
H[SODLQHG DVHTXDODPRXQWVRI PDWWHUDQGDQWLPDWWHUVKRXOGKDYHEHHQFUHDWHGDW
WKH©%LJ%DQJª 7KUHHQHFHVVDU\FRQGLWLRQVQHHGWREHIXOILOOHG >@ >@WRJHQHUDWH
WKHREVHUYHGSDUWLFOHDQWLSDUWLFOHDV\PPHWU\ RI ZKLFK CP YLRODWLRQLVRQH +RZ
HYHU DOWKRXJKDFHUWDLQDPRXQWRI CP YLRODWLRQLVLQFRUSRUDWHGLQWRWKH6WDQGDUG
0RGHOZLWKWKH&.0 PHFKDQLVP WKLVDPRXQWLVIDUWRRVPDOOWRDFFRXQWIRUWKH
REVHUYHGDV\PPHWU\
 7KHILQHWXQLQJSUREOHP $OWKRXJKEHLQJPRUHRI DQDHVWKHWLFSUREOHPWKDQD
SK\VLFDORQH WKHTXHVWLRQLVVWLOOLPSRUWDQW :K\GRHVWKH+LJJVPDVVUHPDLQUHO
DWLYHO\ ORZZKHQKLJKHURUGHU ORRSFRQWULEXWLRQV DUHGLYHUJHQW DQG VKRXOGPDNH
WKHPDVV LQILQLWH RU DW OHDVW DV ODUJHDV WKH3ODQFNVFDOH ,Q WKH6WDQGDUG0RGHO
WKH+LJJVPDVVFDQRQO\EHPDGHILQLWHE\SUHFLVHO\ILQHWXQLQJWUHHOHYHODQGORRS
FRQWULEXWLRQV $OWKRXJKWKLVLVQRWIRUELGGHQLQWKHWKHRU\ WKHH[SODQDWLRQLVVRPH
ZKDWXQVDWLVIDFWRU\
 1XPEHURI SDUDPHWHUVLQIODYRXUSK\VLFV )LQDOO\LWKDVWREHQRWHGWKDWPDQ\SD
UDPHWHUVLQWKH6WDQGDUG0RGHOZKLFKDUHQHHGHGDVDQLQSXWUHODWHWRIODYRXUSK\VLFV
6L[TXDUNPDVVHV WKUHHPDVVHVIRUWKHHOHFWURQW\SHOHSWRQV IRXUSDUDPHWHUVIRUWKH
&.0PDWUL[DQGRQHSDUDPHWHUWRDOORZIRUQRQSHUWXUEDWLYH CP YLRODWLRQLQ4&'
7KHUHVWRI WKHPRGHORQO\QHHGVILYHLQSXWSDUDPHWHUV
$ SRVVLEOHH[WHQVLRQRI WKH6WDQGDUG0RGHOLV6XSHUV\PPHWU\686< ZKLFKGRXEOHVWKH
DPRXQWRI SDUWLFOHVE\DGGLQJDIHUPLRQLFSDUWQHUWRHYHU\ERVRQDQGDERVRQLFSDUWQHU
WRHYHU\IHUPLRQLQWKH6WDQGDUG0RGHO :LWKLQ686< WKHILQHWXQLQJSUREOHPGRHVQRW
RFFXUDVWKHLQWURGXFWLRQRI ORRSFRUUHFWLRQVZLWKERVRQVZRXOGFDQFHOWKHGLYHUJHQFH
)XUWKHUPRUHLWSURYLGHVDGDUNPDWWHUFDQGLGDWHLQWKHIRUPRI WKHOLJKWHVWVXSHUV\PPHW
ULFSDUWLFOH/63 ZKLFKRIWHQLVDVVXPHGWREHWKHQHXWUDOLQRDVWDWHZKLFKLVDPL[WXUH
EHWZHHQWKHVXSHUSDUWQHUVRI WKHSKRWRQ WKH Z0 ERVRQDQG WKH+LJJVERVRQ 0RUH
LQIRUPDWLRQRQ686< FDQEHIRXQGLQ5HIV >@ >@
$OWKRXJKKDYLQJDWWUDFWHGDORWRI DWWHQWLRQ 686< LVQRWWKHRQO\PRGHORI QHZSK\VLFV
0DQ\IXUWKHUPRGHOVIRUSK\VLFVEH\RQGWKH6WDQGDUG0RGHOH[LVW 7KH\DUHSDUWO\FRYHUHG
LQ5HI >@
7b;b b ,0-& +-*0/$*) / #-*) *''$ -.
7KHUHDUHGLIIHUHQWSURGXFWLRQPHFKDQLVPVIRU b TXDUNVLQSURWRQSURWRQFROOLVLRQV )RU
OHDGLQJRUGHU/2WKHFRQWULEXWLQJSURFHVVHVDUHTXDUNDQWLTXDUNDQQLKLODWLRQqq¯ → bb¯
7KH%LJ%DQJWKHRU\GHVFULEHVWKHHDUO\GHYHORSPHQWRI WKHXQLYHUVH >@ +RZHYHU DWWKHWLPHRI WKLV
WKHVLVWKHUHDOVRH[LVWVDKLJKO\VXFFHVVIXO86 VLWFRPZLWKWKHVDPHQDPH
$ SRVVLEOHFKRLFHDUH αs αem WKHZHDNPL[LQJDQJOH VLQ2 θW  WKH+LJJVPDVVDQGWKHW RU Z0 PDVV
  
D E
)LJXUH  )H\QPDQGLDJUDPVIRUWKHRSHUDWRUV O7 D O9 DQG O10 E
D E F
)LJXUH  )H\QPDQGLDJUDPVIRUOHDGLQJRUGHUIRU bb¯ SURGXFWLRQLQSURWRQSURWRQFRO
OLVLRQV DDQGEVKRZJOXRQJOXRQIXVLRQSURFHVVHVZKLOHFVKRZVTXDUN
DQWLTXDUNDQQLKLODWLRQSURFHVVHV
DQG JOXRQJOXRQ IXVLRQ gg → bb¯ FRPPRQO\ UHIHUUHG WR DV SDLU FUHDWLRQ 7KH FRU
UHVSRQGLQJ)H\QPDQGLDJUDPVDUH VKRZQ LQ)LJ  ,QQH[WWROHDGLQJRUGHU 1/2
JOXRQVSOLWWLQJDQGIODYRXUH[FLWDWLRQFRPHLQWRSOD\ VHH)LJ  7KHFRQWULEXWLRQRI WKH
OHDGLQJRUGHUSURFHVVHVZLWKUHVSHFWWRWKHWRWDO bFURVVVHFWLRQGHFUHDVHVZLWKLQFUHDVLQJ
HQHUJ\ )RUFHQWUHRIPDVVHQHUJLHVRI  7H9 RU 7H9 DWWKH/+& VHHQH[WFKDSWHU WKH
GRPLQDWLQJSURFHVVLVIODYRXUH[FLWDWLRQ 7KHGLIIHUHQWFRQWULEXWLRQVDVLPSOHPHQWHGLQ
WKHHYHQWJHQHUDWRU3<7+,$  >@DUHVKRZQLQ)LJ 
bb¯ TXDUNSDLUVDUHRIWHQFUHDWHGZLWKDODUJHERRVWDQGWKHUHIRUHWHQGWRIO\DORQJWKHD[LV
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Figure 4: The total (a) charm and (b) bottom cross sections for pp collisions as a
function of ECM =
√
s. The contributions from pair creation, flavour excitation and
gluon splitting are shown separately.
3 Simple model properties
In this section we examine some properties of the model as presented in the previous
section. In the first part we study purely perturbative properties of the model such as the
total cross section, pˆ⊥ of the hard interaction and quark distributions. In the second part
we study the properties of the nonperturbative fragmentation. Experimental observables
will be presented and confronted with data in the next section.
3.1 Properties of the perturbative production
Above, three different production channels have been distinguished in the parton-shower
description: pair creation, flavour excitation and gluon splitting. In the following we will
present their separate contributions, even though this subdivision of course is unobservable
and model-dependent. It will still provide helpful insights.
The most basic and inclusive observable is the total heavy-flavour cross section. In
Fig. 4 we present it as a function of the pp center-of-mass energy, from the fixed-target
re´gime to LHC and beyond, both for charm and bottom. The cross section is divided into
the contributions from the three perturbative production channels. As noted before, we
assume that no nonperturbative effects contribute to the total cross section. The level
of the total cross section is in sensible agreement with the present data (not shown),
indicating that there is no need for any further significant production mechanism.
For small (fixed-target) energies the pair creation cross section is dominating the pro-
duction, followed by a non-negligible fraction of flavour excitation, whereas gluon splitting
is very small. As the energy is increased, flavour excitation overtakes pair production and
gluon splitting is catching up. At very large energies gluon splitting becomes the dominant
production mechanism, so that the low-energy pattern is completely reversed.
The reason is not so difficult to understand. If we think of any partonic process, it
will only contain one hardest 2→ 2 scattering whatever the energy, whereas the number
of branchings in the associated initial- and final-state showers will increase with energy.
This increase comes in part from the the growing phase space, e.g. the larger rapidity
evolution range of the initial-state cascades, in part from the increase in accessible and
typical virtuality scales Q2 for the hard subprocess. The multiplication effect is at its full
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,65WKH
ZRUOG·VILUVWSURWRQSURWRQDFFHOHUDWRU VWDUWHGRSHUDWLRQLQ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6367KH©/DUJH(OHFWURQ3RVLWURQ&ROOLGHUª/(3
DFFHOHUDWHGHOHFWURQVDQGSRVLWURQVIURP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  
WRDTXHQFK WKHUHIRUHEORFNVFDQEHPRYHGLQWRWKHEHDPSLSHWRUHPRYHWKHKDOR 7KLV
FROOLPDWLRQV\VWHPLVORFDWHGDW3RLQWDQG3RLQW
7RDFFHOHUDWHWKHSURWRQV 5DGLR)UHTXHQF\5) FDYLWLHVDUHVLWXDWHGDW3RLQW 7KHVH
FDYLWLHVRSHUDWHDWDIUHTXHQF\RI 0+] DQGDFFHOHUDWHWKHSURWRQVXVLQJDORQJLWXGLQDOO\
RVFLOODWLQJHOHFWULFILHOG 7RDFKLHYHDFRQVWDQWDFFHOHUDWLRQRYHUPDQ\WXUQVRI WKHSURWRQV
WKHIUHTXHQF\RI WKH5) PXVWEHSUHFLVHO\WXQHGWRWKHUHYROXWLRQIUHTXHQF\RI WKH/+&
$GGLWLRQDOO\WKHSKDVHVKLIWRI WKHILHOGPXVWEHDGMXVWHGWRNHHSWKHSURWRQVRQWUDFN
ZLWKWKHULVLQJPDJQHWLFILHOGLQWKHGLSROHPDJQHWV )XUWKHUPRUH WKH5) GRHVQRWRQO\
DFFHOHUDWHWKHSURWRQVEXWDOVRFRUUHFWVIRUDORQJLWXGLQDOVSUHDGLQWKHSURWRQGLVWULEXWLRQ
E\JLYLQJSURWRQVDUULYLQJWRRODWHDQDGGLWLRQDONLFNZKLOHGHFHOHUDWLQJSURWRQVDUULYLQJWRR
HDUO\ 7KH5) V\VWHPUHOLHVRQVXSHUFRQGXFWLQJWHFKQRORJ\WRDYRLGORVVHVLQWKHZDOOVRI
WKHFDYLW\ZKHQEXLOGLQJWKHHOHFWULFDOILHOG
7RDOORZDVDIHUHPRYDORI WKHEHDPIURPWKHDFFHOHUDWRU DEHDPGXPSV\VWHPLVLQSODFHDW
3RLQW ,WHQDEOHVWKHTXLFNILULQJRI DNLFNHUPDJQHW ZKLFKVWHHUVWKHEHDPDZD\IURPLWV
QRUPDOSDWKDQGGHIOHFWVLWLQWRDP ORQJHYDFXDWHGSLSHXVLQJDQRWKHUPDJQHWV\VWHP
7KHEHDPLVWKHQ©GLOXWHGªE\VZHHSLQJLWDFURVVWKHVXUIDFHRI DEORFNRI JUDSKLWH ZKLFK
VHUYHVDVDEHDPGXPS
,WKDVWREHQRWHGWKDWWKH/+& LVRQO\WKHODVWSLHFHRI DFRPSOLFDWHGFKDLQRI GHYLFHV
WRSURGXFH EXQFKDQGDFFHOHUDWHWKHSURWRQV XQWLOWKH\ILQDOO\FROOLGHLQVLGHRQHRI WKH
IRXU FROOLVLRQSRLQWV 7KH IXOO DFFHOHUDWRU FKDLQ LV VKRZQ LQ)LJ  7KHSURWRQV DUH
H[WUDFWHGDVWKHQXFOHXVRI K\GURJHQDWRPVZLWKDQHQHUJ\RI  NH9 DQGJXLGHGWRDOLQHDU
DFFHOHUDWRU/,1$&ZKHUHWKHLUHQHUJ\LVLQFUHDVHGWR0H9 7KH\DUHWKHQLQMHFWHG
LQWRDERRVWHUV\QFKURWURQZKLFKLQFUHDVHVWKHLUHQHUJ\WR*H9 XQWLOWKH\ILQDOO\DUULYH
DWWKH3URWRQ6\QFKURWURQ36,QWKLVPDFKLQHWKHSURWRQVDUHQRWRQO\DFFHOHUDWHGEXW
DOVRJURXSHGLQWRWUDLQRI EXQFKHV DVWUXFWXUHWKDWLVNHSWXQWLOWKHEHDPVILQDOO\FROOLGH
LQWKH/+&$IWHUOHDYLQJWKH36WKHVHEXQFKWUDLQVDUHLQMHFWHGLQWRWKH636ZKHUHWKH\
DUHDJDLQDFFHOHUDWHG WKLVWLPHWRWKHHQHUJ\RI *H9 7KH\DUHWKHQWUDQVIHUUHGWRWKH
/+& YLDRQHRI WKHWZRWUDQVIHUOLQHV $IWHUWKHILOOLQJRI ERWKFRXQWHUURWDWLQJEHDPVZLWK
EXQFKWUDLQV WKHSURWRQVDUHDFFHOHUDWHGZKLOHWKHPDJQHWLFILHOGLQWKHEHQGLQJGLSROHVLV
VLPXOWDQHRXVO\ULVLQJXQWLOWKHFROOLVLRQHQHUJ\LVUHDFKHG 7KHEHDPVDUHWKHQ©VTXHH]HGª
WRKDYHDVPDQ\FROOLVLRQVDVSRVVLEOHLQWKHFROOLVLRQSRLQWVRI $7/$6 DQG&06)RU/+&E
WKHEHDPVDUHVOLJKWO\GHIRFXVVHGWRUHGXFHWKHLQVWDQWDQHRXVOXPLQRVLW\VHHODWHU ,I QR
WHFKQLFDOSUREOHPVRFFXU WKHEHDPVFDQVWD\VHYHUDOKRXUVLQWKH/+& XQWLOWKH\DUHILQDOO\
GXPSHGDQGWKHF\FOHVWDUWVDJDLQ
$ TXHQFKLVDVXGGHQORVVRI VXSHUFRQGXFWLYLW\LQDPDJQHW
7KHLGHDLVWKDWWKHSURWRQEXQFKHVVLWDURXQGWKH]HURYROWDJHSRLQWRI WKHHOHFWULFDOILHOGZLWKDQHJDWLYH
VORSH ,I DSDUWLFOHDUULYHVWRRHDUO\ LWZLOOVHHDSRVLWLYHHOHFWULFDOILHOGDQGZLOOEHSXWLQWRDORQJHURUELW
ZKLFKZLOOOHDGWRDGHOD\LQWKHQH[WDUULYDO 7KHRSSRVLWHKDSSHQVIRUDSDUWLFOHDUULYLQJWRRODWH LWZLOO
VHHDQHJDWLYHHOHFWULFDOILHOGDQGWKHUHIRUHDUULYHHDUOLHULQWKHQH[WDUULYDO
1RWRQO\SURWRQVFDQEHEURXJKWLQWRFROOLVLRQDWWKH/+& EXWDOVRKHDY\LRQV 7KHVHDUHPDLQO\DQDO\VHG
E\WKH$/,&( H[SHULPHQW
  
)LJXUH  $FFHOHUDWRU FKDLQ DW &(51 )RU WKH SURWRQ SURWRQ FROOLVLRQV DW WKH /+&
/,1$& %2267(536 DQG636 DUHRI LPSRUWDQFH 1RWWRVFDOH )LJXUH
WDNHQIURP5HI >@
8b8b8b 	 + -!*-() 
7KH/+& KDVWZRPDLQSHUIRUPDQFHQXPEHUV (QHUJ\SHUEHDPDQG OXPLQRVLW\ 7KH
OXPLQRVLW\LVDPHDVXUHRI KRZPDQ\FROOLVLRQVKDSSHQZKHQWZREXQFKHVRI SDUWLFOHV
FROOLGHZLWKHDFKRWKHU ,WLVOLQNHGWRWKHQXPEHURI FROOLVLRQVSHUVHFRQGDQGWKHFURVV
VHFWLRQ
GN
Gt
= L · σ, 
ZKHUH GNGt LVWKHQXPEHURI FROOLVLRQVSHUVHFRQG σ WKHFURVVVHFWLRQRI WKHSURFHVVLQ
TXHVWLRQDQG L WKHLQVWDQWDQHRXVOXPLQRVLW\ 7RKDYHDPHDVXUHIRUWKHWRWDODPRXQW
RI GDWDDFTXLUHG RQHRIWHQXVHVWKHLQWHJUDWHGOXPLQRVLW\ L =
∫ L Gt ZKLFKWKHQKDV
WKHXQLWVRI DQLQYHUVHDUHD )RUD*DXVVLDQEHDPGLVWULEXWLRQ WKHOXPLQRVLW\FDQDOVREH
ZULWWHQDV
L = N
2
b nbfrevγr
4piεnβ∗
F, 
ZKHUH Nb LVWKHQXPEHURI SDUWLFOHVSHUEXQFK nb WKHQXPEHURI EXQFKHVSHUEHDP frev
WKHUHYROXWLRQIUHTXHQF\ γr WKHUHODWLYLVWLFJDPPDIDFWRU εn WKHQRUPDOLVHG WUDQVYHUVH
EHDPHPLWWDQFH β∗ WKHEHWDIXQFWLRQDWWKHFROOLVLRQSRLQWDQG F WKHJHRPHWULFDOOXPL
QRVLW\ UHGXFWLRQ IDFWRUGXH WR WKHFURVVLQJDQJOHDW WKH LQWHUDFWLRQSRLQW ,W WDNHV LQWR
DFFRXQWWKDWWKHEHDPVGRQ·WFROOLGHKHDGRQ 7KHHPLWWDQFHLVDPHDVXUHRI WKHGLVWULEX
WLRQRI WKHSDUWLFOHVLQVSDFHDQGPRPHQWXPDQG β∗ LVDPHDVXUHRI KRZFRPSUHVVHGWKH
EHDPLVDWWKHFROOLVLRQSRLQW $OORI WKHVHTXDQWLWLHVDUHIXQFWLRQVRI DFFHOHUDWRUSURSHUWLHV
  
DQGFDQLQWKHRU\EHFDOFXODWHGIURPILUVWSULQFLSOHV³WKH\GRQRWUHO\RQWKHXQGHUO\LQJ
SK\VLFVSURFHVVHV
7KHDFKLHYHGYDOXHVIRUWKHVHTXDQWLWLHVLQDQGWKHGHVLJQYDOXHVRI WKH/+& DUHOLVWHG
LQ7DEOH 
7DEOH  .H\QXPEHUVRI WKH/+&UHDFKHGLQDQGLQWKHGHVLJQ 1RWHWKDWIRU
VRPHQXPEHUVWKHUHDFKHGYDOXHVH[FHHGWKHGHVLJQHGRQHV
4XDQWLW\ SHDN 'HVLJQ
(QHUJ\  7H9 7H9
/XPLQRVLW\LQ$7/$6&06/+&E  ·1033 FP− V−  ·1033 FP− V−
1XPEHURI EXQFKHV  
1XPEHURI SURWRQVLQEXQFK  ·1011  ·1011
6WRUHGHQHUJ\ 0- 0-
7LPHEHWZHHQWZRFROOLVLRQV  QV  QV
8b9b # 	  3+ -$( )/
7KH/+&EH[SHULPHQW >@ >@ >@ ORFDWHGDW3RLQWRI WKH/+&LVDVLQJOHDUPVSHF
WURPHWHUZLWKDIRUZDUGJHRPHWU\ FRYHULQJDQJOHVIURPDERXWPUDG WRDSSUR[LPDWHO\
PUDG LQWKHKRUL]RQWDOYHUWLFDOGLUHFWLRQ ,WLVVKRZQLQ)LJ  ,WVIRUZDUG
GHVLJQDULVHVIURPWKHIDFWWKDW b DQG b¯ TXDUNVDUHSURGXFHGLQSDLUVDQGSUHGRPLQDQWO\
LQWKHIRUZDUGRUEDFNZDUGGLUHFWLRQ 7KLVJHRPHWU\DOORZV/+&EWRUHFRQVWUXFWDODUJH
IUDFWLRQRI WKHSURGXFHGSDUWLFOHVFRQWDLQLQJD b RU b¯ TXDUNZKLOHRQO\FRYHULQJDVPDOO
VROLGDQJOHVHH)LJ 
7KHFRRUGLQDWHV\VWHPRI /+&ELVRULHQWHGVXFKWKDWWKHSRVLWLYH zGLUHFWLRQSRLQWVIURP
WKHLQWHUDFWLRQSRLQWWRWKHPXRQV\VWHPDORQJWKHEHDPSLSH WKH yFRRUGLQDWHLVYHUWLFDO
VWDUWLQJIURPWKHLQWHUDFWLRQSRLQWWRWKHVXUIDFHDQGSHUSHQGLFXODUWRWKH/+& ULQJ DQG
WKH xFRRUGLQDWHLVLQWKHVRFDOOHG©EHQGLQJSODQHª VXFKWKDWDOOWKUHHD[HVIRUPDULJKW
KDQGHGFRRUGLQDWHV\VWHP 7KHGLPHQVLRQVRI /+&EDUHURXJKO\ 20P × P × P
DQGWKHGHWHFWRULVVLWXDWHGLQWKHVDPHFDYHUQDV'(/3+,ZKLFKZDVDPDJQLILFHQW 4pi
GHWHFWRU 7RPDNHWKHPD[LPXPXVHRI WKHDYDLODEOHVSDFHLQWKHDOUHDG\H[LVWLQJFDYHUQ
WKHFROOLVLRQSRLQWKDGWREHGLVSODFHGWRDOORZWKHPRVWHIILFLHQWFRQVWUXFWLRQRI DIRUZDUG
VSHFWURPHWHU
7KHQHJDWLYH yD[LVGRHVQRWSRLQWWRZDUGVWKHFHQWHURI JUDYLW\ GXHWRWKHLQFOLQDWLRQRI WKH/+& DV
PHQWLRQHGLQ6HFW 
&KDUJHGSDUWLFOHVDUHPDLQO\EHQWLQVLGHWKLVSODQHE\WKHPDJQHWLFILHOG
  
FULLY ON: 90.7 (%)
HV: 0.5 (%)
VELO Safety: 0.9 (%)
DAQ: 4.0 (%)
DeadTime: 3.8 (%)
)LJXUH  (IILFLHQF\RI WKHGDWDWDNLQJRI /+&ELQZLWKWKHGLIIHUHQWFRQWULEX
WLRQVWRWKH LQHIILFLHQF\ ©+9ªVWDQGVIRUKLJKYROWDJHDQG©'$4ªIRUGDWD
DFTXLVLWLRQ
7KH/+&EGHWHFWRUZDVGHVLJQHGIRUDQDYHUDJHLQVWDQWDQHRXVOXPLQRVLW\RI 2·1032 FP− V−
ZLWKDSHDNOXPLQRVLW\RI 5 · 1032 FP− V− DWDFHQWUHRIPDVVHQHUJ\√s   7H9 7KH
DYHUDJHQXPEHURI LQHODVWLFSURWRQSURWRQFROOLVLRQVµZRXOGKDYHEHHQDERXWSHU
EXQFKFURVVLQJWRDFKLHYHWKHQRPLQDOLQWHJUDWHGOXPLQRVLW\RI  IE−1 SHU\HDU +RZHYHU
LQ µ ZDVVHWWRYDOXHVXSWR DVWKHUHZHUHIHZHUEXQFKHVLQWKHEHDPWKDQWKH
/+& ZDVGHVLJQHGIRU 7KHWRWDOLQWHJUDWHGOXPLQRVLW\ZDVDERXW SE−1 ,Q WKH
DYHUDJH µ ZDVZLWKEXQFKHVSHUEHDPDWPD[LPXP 7KHWRWDOLQWHJUDWHGOXPL
QRVLW\ ZDVDERXW IE−1 ,WVKRXOGEHQRWHGWKDWQRWDOOFROOLVLRQVLQWKH/+&EGHWHFWRU
FDQEHXVHGODWHUIRUGDWDDQDO\VLVDVWKHUHDUHWLPHVZKHQFHUWDLQGHWHFWRUSDUWVDUHQRW
RSHUDWLYH $QRYHUYLHZRI WKHFRQWULEXWRUVWRWKLVLQHIILFLHQF\LVVKRZQLQ)LJ 
/+&EKDVGHFLGHGDJDLQVWXVLQJWKHIXOO OXPLQRVLW\SURYLGHGE\WKH/+& DV&06 DQG
$7/$6 GRIRUVHYHUDOUHDVRQV 7KHIRUZDUGUHJLRQLVGRPLQDWHGE\DYHU\KLJKIOX[RI
SDUWLFOHVZKLFKFUHDWHVKLJKRFFXSDQFLHV LQWKHGHWHFWRUVDQGLQGXFHVUDGLDWLRQGDPDJH
5XQQLQJDWIXOO OXPLQRVLW\ZRXOGKDYHSXWVHYHUHFRQVWUDLQWVRQWKHFKRLFHRI GHWHFWRU
PDWHULDOVDQGVHJPHQWDWLRQVWRXVH 0RUHRYHU VHSDUDWLRQRI SULPDU\DQGVHFRQGDU\YHU
WLFHVLVFUXFLDOIRUPDQ\DQDO\VHVLQ/+&E DWDVNZKLFKLVPRUHGLIILFXOWZLWKODUJHSLOHXS
$GGLWLRQDOO\ WKHDELOLW\WRUHFRQVWUXFWDOOWUDFNVRI LPSRUWDQFHLQWKHHYHQWGHJUDGHVZLWK
LQFUHDVLQJQXPEHURI LQWHUDFWLRQV 7KHLQVWDQWDQHRXVOXPLQRVLW\IRU/+&EZDVWKHUHIRUH
FKRVHQDVDFRPSURPLVHRI DOOWKHVHSDUDPHWHUV
,WLVZRUWKPHQWLRQLQJWKDWPHDVXULQJWKHOXPLQRVLW\LQDKDGURQFROOLGHULVQRWDWULYLDOWDVN 7KHEHVW
SUHFLVLRQDFKLHYHGLQZDV >@
  
7KH/+&EGHWHFWRUFDQEHJURXSHGLQWKUHHSDUWV 7KHWUDFNUHFRQVWUXFWLRQV\VWHPDLPV
DWGHWHUPLQLQJWKHWKUHHFRPSRQHQWVRI WKHSDUWLFOHV·PRPHQWD WKHSDUWLFOHLGHQWLILFDWLRQ
V\VWHPDWGHWHUPLQLQJWKHSDUWLFOHW\SHV 7KHVHWZRSURSHUWLHVFRPSOHWHO\GHVFULEHHDFK
LQGLYLGXDOSDUWLFOHDQGWKHUHIRUHWKHIXOOHYHQW )LQDOO\WKHWULJJHUV\VWHPVHOHFWVWKHHYHQWV
RI LQWHUHVWIRUSK\VLFVDQDO\VHV
 7UDFN UHFRQVWUXFWLRQ 7KH WUDFN UHFRQVWUXFWLRQ V\VWHPVFRPSULVH D VLOLFRQPL
FURVWULSGHWHFWRUFORVHWRWKHLQWHUDFWLRQSRLQW FDOOHGWKH9(/2ZKLFKPHDVXUHV
WKHSRVLWLRQRI WKHSULPDU\YHUWLFHVDQGWKHLPSDFWSDUDPHWHUV,3 RI WKHWUDFNZLWK
KLJKSUHFLVLRQ $ IXUWKHUVLOLFRQPLFURVWULSGHWHFWRU77 LVSODFHGEHIRUHWKHGLSROH
PDJQHW ,WVWDVNLVWRLPSURYHWKHPRPHQWXPUHVROXWLRQRI UHFRQVWUXFWHGWUDFNV
DQGUHMHFWSDLUVRI WUDFNVWKDWLQUHDOLW\EHORQJWRWKHVDPHSDUWLFOH 7KHPDJQHWLF
ILHOGRI WKHGLSROHPDJQHWEHQGVWKHIOLJKWSDWKRI WKHSDUWLFOHVLQWKH xz SODQHDQG
WKHUHIRUHDOORZVWKHGHWHUPLQDWLRQRI WKHLUPRPHQWDE\FRPSDULVRQRI WKHVORSHV
EHIRUHDQGDIWHUWKHPDJQHW 7KHWUDFNLQJV\VWHPLVFRPSOHWHGE\WKH7 VWDWLRQV
ZKLFK WRJHWKHUZLWKWKHLQIRUPDWLRQIURPWKH9(/2GHWHUPLQHWKHPRPHQWXP
DQGIOLJKWGLUHFWLRQRI WKHSDUWLFOHV 7KH7 VWDWLRQVXVHGLIIHUHQWWHFKQRORJLHVIRU
GHWHFWLQJSDUWLFOHV VLOLFRQPLFURVWULSVFORVH WR WKHEHDPSLSHDQGVWUDZWXEHV LQ
WKHRXWHUUHJLRQV $OOWUDFNLQJGHWHFWRUVDUHFKDUDFWHUL]HGE\KDYLQJDKLJKVSDWLDO
UHVROXWLRQLQRQHRUWZRFRRUGLQDWHVDQGDORZPDWHULDOEXGJHW
 3DUWLFOHLGHQWLILFDWLRQ 7KHSDUWLFOH LGHQWLILFDWLRQV\VWHPVXVHGLIIHUHQWSK\VLFDO
SULQFLSOHVIRUWKHLUWDVN 7KHWZR5LQJ,PDJLQJ&KHUHQNRY'HWHFWRUV 5,&+DQG
5,&+ XVHWKHIDFWWKDWSDUWLFOHVHPLWOLJKWXQGHUDFKDUDFWHULVWLFDQJOHZKHQWUDYHUV
LQJFHUWDLQPDWHULDOV DQHIIHFWWKDWDOORZVIRUWKHGLVWLQFWLRQEHWZHHQGLIIHUHQWW\SHV
RI KDGURQV 7KH HOHFWURPDJQHWLF DQG KDGURQLF FDORULPHWHUV (&$/ DQG+&$/
PHDVXUHWKHHQHUJ\RI WKHLPSLQJLQJSDUWLFOHVE\IXOO\DEVRUELQJWKHP 7KH\DUH
DVVLVWHGE\WZRVPDOOHUVXEGHWHFWRUVLQIURQWRI WKHP WKH63' DQGWKH36WKDWDO
ORZUHVROYLQJDPELJXLWLHVLQWKHLGHQWLILFDWLRQ 7KHPXRQV\VWHP ZKLFKLVSODFHGDW
WKHPRVWUHPRWHSRVLWLRQZLWKLQ/+&EVHHQIURPWKHLQWHUDFWLRQSRLQW LVEXLOWWR
LGHQWLI\PXRQV ,WVVWDWLRQV0WR0UHJLVWHUSDUWLFOHVWKDWWUDYHUVHWKHGHWHFWRU
DQGWKHLURQVKLHOGVEHWZHHQWKHPXRQVWDWLRQVXQDIIHFWHG DSURSHUW\RI FKDUJHG
SDUWLFOHVWKDWRQO\PXRQVH[KLELW
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0RUHRYHU PDQ\RI WKHFROOLVLRQVDUHQRWRI LQWHUHVWIRUSK\VLFVDQDO\VHV 7KHUHIRUH
/+&EKDVDWKUHHVWDJHWULJJHUV\VWHPWRUHGXFHWKHDPRXQWRI GDWDFROOHFWHGWRD
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DUHVRIWZDUHEDVHGDQGH[HFXWHDOJRULWKPVWKDWSDUWLDOO\UHFRQVWUXFWWKHHYHQWDQG
WKHQGHFLGHLI WKH\DUHRI IXUWKHULQWHUHVWRUQRW
7KHGHWHFWRUFRPSRQHQWVDUHGHVFULEHGLQGHWDLOEHORZ
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)LJXUH  'LVWULEXWLRQRI b DQG b¯ TXDUNVLQVLPXODWHGSURWRQSURWRQFROOLVLRQVDW
√
s  
7H9 ZLWK θ EHLQJWKHDQJOHEHWZHHQWKHTXDUNDQGWKHEHDPD[LV 5HGLV
WKH/+&EDFFHSWDQFH 7KHFRUUHODWLRQDQGSHDNLQWKHIRUZDUGEDFNZDUG
GLUHFWLRQLVFOHDUO\YLVLEOH )LJXUHWDNHQIURP5HI >@
8b9b7b # (") /
/+&EIHDWXUHVDZDUPGLSROHPDJQHWZLWKWZRDOXPLQXPFRLOVLQVLGHDQLURQ\RNH >@
>@ >@ 7KHPDJQHWKDVDQ LQWHJUDWHGILHOGRI
∫
0BG0l = 4 7P ZKHUHWKHPDLQILHOG
FRPSRQHQWLVDORQJWKH yD[LV ,WVVKDSHDQGILHOGVWUHQJWKDUHLOOXVWUDWHGLQ)LJ  1RWH
WKDWWKHUHLVSUDFWLFDOO\QRILHOGDWWKHSRVLWLRQRI WKH9(/2ZKLOHWKHUHLVRQO\DVPDOOILHOG
DWWKHSRVLWLRQRI WKH77 DQGWKH7 VWDWLRQV 7KHPDJQHWLFILHOGSRODULW\FDQEHUHYHUVHG
DSURFHGXUHZKLFKLVUHJXODUO\XQGHUWDNHQGXULQJRSHUDWLRQRI WKHGHWHFWRUWRPLQLPLVH
V\VWHPDWLFHIIHFWV
,QRUGHUWRWUDFNWKHSDUWLFOHVWKURXJKWKH/+&EGHWHFWRU DSUHFLVHNQRZOHGJHRI WKHPDJ
QHWLFILHOGPDSLVRI JUHDWLPSRUWDQFH 7KHPDJQHWLFILHOGZDVPHDVXUHGZLWK+DOOSUREHV
ZKRVHUHVXOWVFRXOGWKHQEHFRPSDUHGWRPDJQHWLFILHOGVLPXODWLRQV 0RUHLQIRUPDWLRQRQ
WKLVFDQEHIRXQGLQ5HI >@
8b9b8b #  -/ 3 *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7KH9HUWH[/RFDWRU9(/2 >@ >@ >@LVWKHVXEGHWHFWRUFORVHVWWRWKHSURWRQSURWRQ
LQWHUDFWLRQV ,WLVGHVLJQHGWRSUHFLVHO\PHDVXUHWKHSRVLWLRQRI WKHSULPDU\YHUWH[ ZKLFKLV
FUXFLDOIRUPDQ\DQDO\VHV ,WDOVRSURYLGHVDILUVWPHDVXUHPHQWRI WKHSDUWLFOHV·IOLJKWSDWK
,WLVWKHUHIRUHHVVHQWLDOIRUWKHDFWLYHPDWHULDORI WKH9(/2 WREHDVFORVHWRWKHLQWHUDFWLRQ
UHJLRQDVSRVVLEOH )XUWKHUPRUH WZRVSDFHGLPHQVLRQVQHHGWREHPHDVXUHG 7KH9(/2
XVHVVLOLFRQPLFURVWULSVHQVRUVLQD r²φ JHRPHWU\DQGFRQVLVWVLQWRWDORI ©VWDWLRQVªRI
VLOLFRQVHQVRUV (DFKVWDWLRQVKDVDGHWHFWRUPRGXOHRQWKHOHIWDQGRQWKHULJKWVLGHRI WKH
EHDPD[LV ZKHUHHDFKPRGXOHFRPSULVHVD rDQG φPHDVXULQJVHQVRU 7KH r²φ JHRPHWU\
LQFRQWUDVWWRDUHFWLOLQHDURQH ZDVFKRVHQWRVLPSOLI\WKHIDVWUHFRQVWUXFWLRQRI WUDFNVDQG
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Figure 4.1: Perspective view of the LHCb dipole magnet with its current and water connections
(units in mm). The interaction point lies behind the magnet.
coils with respect to the measured mechanical axis of the iron poles with tolerances of several
millimeters. As the main stress on the conductor is of thermal origin, the design choice was to
leave the pancakes of the coils free to slide upon their supports, with only one coil extremity kept
fixed on the symmetry axis, against the iron yoke, where electrical and hydraulic terminations
are located. Finite element models (TOSCA, ANSYS) have been extensively used to investigate
the coils support system with respect to the effect of the electromagnetic and thermal stresses
on the conductor, and the measured displacement of the coils during magnet operation matches
the predicted value quite well. After rolling the magnet into its nominal position, final precise
alignment of the yoke was carried out in order to follow the 3.6mrad slope of the LHC machine
and its beam. The resolution of the alignment measurements was about 0.2mm while the magnet
could be aligned to its nominal position with a precision of±2mm. Details of the measurements of
the dipole parameters are given in table 4.1. A perspective view of the magnet is given in figure 4.1.
The magnet is operated via the Magnet Control System that controls the power supply and
monitors a number of operational parameters (e.g. temperatures, voltages, water flow, mechanical
movements, etc.). A second, fully independent system, the Magnet Safety System (MSS), ensures
the safe operation and acts autonomously by enforcing a discharge of the magnet if critical param-
eters are outside the operating range. The magnet was put into operation and reached its nominal
– 12 –
D
LHCb experiment
 (m)z
0 5 10
 
(T
)
yB
-1
-0.8
-0.6
-0.4
-0.2
0
VELO TT T1 T2 T3
Figure 3.6: The main component of the magnetic field strength (By) along the
z axis.
Trigger Tracker, which is placed after RICH 1 and just in front of the magnet. Third,
after the magnet three tracking stations are located: T1, T2, and T3. The inner part of
th se stations, close to the beam pipe, is referred to as the Inner Tracker; the outer part
covers the remaining acceptance and is called the Outer Tracker. The Outer Tracker is
constructed from straw tube drift chambers; the other tracking detectors are all silicon
strip detectors.
Charged particles are bent in the B field of the magnet [28]. Their momentum is
measured from the deflection of the trajectories as the particles traverse the magnet.
The di erence between the track slope in the VELO and the track slope in the T stations
is inversely proportional to the particle’s momentum. In Chapter 6, this relation will
be discussed. The bending power of the magnet is represented by the total integrated
field, which is
 
Bdl = 4.2Tm. The strength of the main component of the magnetic
field along the z axis is shown in Fig. 3.6.
The detector design has gone through a number of optimisation phases. These
changes are referred to as the “reoptimisation” [26]. The detector setup described in this
thesis refers to this reoptimised design.
3.3 Vertex Locator
The Vertex Locator (VELO) [26, 29] contains 21 stations, positioned along and per-
pendicular to the beam axis. Figure 3.7 shows a cross section of the VELO and the
interaction region as seen from above. Two types of silicon sensors are used: one mea-
sures the r coordinate with circular strips centred around the beam axis, the other
measures the   coordinate with straight, radial strips. The half-disc sensors, shown in
28
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)LJXUH  7HFKQLFDOGUDZLQJRI WKHGLSROHPDJQHWLQ/+&EDDQGVWUHQJWKRI WKH y
GLUHFWLRQRI  WKHPDJQHWLFILHOGDVDIXQFWLRQRI WKH zSRVLWLRQ E )LJXUHV
WDNHQIURP5HI >@DQG5HI >@
YHUWLFHV 7ZRDGGLWLRQDOVWDWLRQVZHUHGHVLJQHGIRUYHWRLQJSLOHXSHYHQWV 7KH\DUHORFDWHG
XSVWUHDPRI WKHQRPLQDOLQWHUDFWLRQSRLQWDQGKDYH rVHQVRUVRQO\
7KH9(/2 FRYHUVDSVHXGRUDSLGLW\UDQJH η EHWZHHQDQGDQGLVDEOHWRUHFRQVWUXFW
WUDFNVHPHUJLQJIURPDYHUWH[ZLWK |z|  FP VHH)LJ  7KHUHTXLUHPHQWWKDWD
WUDFN VKRXOGDW OHDVW FURVV WKUHH9(/2 WDWLRQVGHILQHVWKHSRVLWLRQRI WKHWKUHHPRVW
GRZQVWUHDPVWDWLRQVWREHDWDSSUR[LPDWHO\ z = 65 FP 7KHIXOOOHQJWKRI WKH9(/2 LV
DERXWP
$ 9(/2 PRGXOHKDVDGLDPHWHURI DERXWPP DQG FRYHUV D ELWPRUH WKDQ ◦ LQ
D]LPXWK ZKHUHDVPDOOKROHLVOHIWIUHHLQWKHPLGGOHIRUWKHFROOLGLQJEHDPV VHH)LJ 
7KHVHQVRUVFRQVLVWRI DVLOLFRQ nEXONZLWK LPSODQWVRI n+ IRUPLQJ WKH VWULSV DQG p
VSUD\WRLVRODWHWKHPIURPHDFKRWKHU 7KLVGHVLJQLVYHU\UDGLDWLRQKDUG VXSHULRUWRPRUH
FRPPRQO\XVHG S+RQQ W\SHVLOLFRQ )RUWKH rVHQVRUV WKHSLWFKIRUWKHVWULSVFORVHVW
WRWKHEHDPLVµP ZKLFKLQFUHDVHVOLQHDUO\WRµP IRUWKHRXWHUPRVWVWULS 7KLV
GHVLJQPDNHV VXUH WKDW VWULSVFORVHU WR WKH LQWHUDFWLRQSRLQWJHW D ODUJHUZHLJKW IRU WKH
LPSDFWSDUDPHWHUGHWHUPLQDWLRQ (DFKVWULSLVGLYLGHGLQWRIRXUVHFWRUVFRYHULQJ◦ WR
UHGXFHWKHRFFXSDQF\DQGWKHFDSDFLWDQFH 7KH φVHQVRUVDUHGLYLGHGLQWRWZRUHJLRQV
WKHLQQHUVWRSVDWDUDGLXVRI PP DQGKDVDSLWFKRI µP WKHRXWHURQHVWDUWVDW
PP DQGKDVDSLWFKRI µP $ QDLYHGHVLJQZLWKDVLQJOHVWULSUXQQLQJUDGLDOO\
ZRXOGKDYHWRRODUJHRFFXSDQFLHVDQGDYHU\KLJKSLWFKDWWKHRXWHUHGJH )XUWKHUPRUH
WKHVWULSVRI WKHLQQHUDQGRXWHUUHJLRQVGRQRWMRLQDVVWUDLJKWOLQHVEXWKDYHDNLQNDWWKH
ERXQGDU\ 7KHPRGXOHVDUHWKHQSODFHGVXFKWKDWDGMDFHQW φVHQVRUVKDYHWKHRSSRVLWH
VNHZ ZKLFKFRUUHVSRQGVWRDVWHUHRYLHZDOORZLQJWKHGLVWLQFWLRQEHWZHHQUHDOKLWVDQG
KLWVZKLFKGRQRWEHORQJWRDSDUWLFOHKDYLQJWUDYHUVHGWKH9(/2%RWK rDQG φVHQVRUV
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 'LDJUDPVKRZLQJWKHVSDFLQJRI 9(/2 PRGXOHVDORQJWKH zD[LVDQGWKHUH
VSHFWLYHDUUDQJHPHQWRI φDQG rVHQVRUV )LJXUHWDNHQIURP5HI >@
DUHµP WKLFN $QLOOXVWUDWLRQRI ERWKVHQVRUW\SHVLVJLYHQLQ)LJ 
7KHPRGXOHVIRUHDFKGHWHFWRUKDOI DUHSODFHGLQDQDOXPLQXPZDOOHGER[ ZKLFKLVXQ
GHUYDFXXP 7KHVLGHIDFLQJWKHEHDPLVUHDOLVHGDVD5) IRLO PDGHRXWRI DQDOXPLQXP
DOOR\ WRVXSSUHVV5) SLFNXSIURPWKH/+& EHDPV )XUWKHUPRUH WKHEHDPYDFXXPDQG
WKHYDFXXPLQVLGHWKH9(/2ER[DUHVHSDUDWHGE\WKH5) IRLOWRSURWHFWWKHEHDPYDF
XXPIURPRXWJDVVLQJRI 9(/2 VHQVRUV 7KH5)IRLOUHSUHVHQWVDFRQVLGHUDEOHDPRXQW
RI WKHWRWDOPDWHULDOEXGJHWRI WKH9(/2 ≈ DQGKDVDQRWDEOHLPSDFWRQWKHWUDFN
UHFRQVWUXFWLRQHIILFLHQF\IRUSDUWLFOHVFURVVLQJLWVHH&KDS 
7KHSURWRQEHDPVDUHQRWFRQVWDQWLQVKDSHZKHQJRLQJIURPWKHLQMHFWLRQVWDWHWRWKH
FROOLVLRQVWDWH 7KHPRGXOHVWKHUHIRUHKDYHWREHUHWUDFWDEOHWRDYRLGWKHGDQJHURI EHLQJ
GDPDJHG 7KHSDUNLQJSRVLWLRQSODFHVWKHWZRKDOYHVDERXW FP DZD\IURPHDFKRWKHU
ZKHQWKH/+& LVLQSURWRQSURWRQFROOLVLRQ WKHKDOYHVDUHPRYHGLQXQWLOWKHVHQVRUVKDYH
DGLVWDQFHIURPWKHEHDPRI RQO\PP $ EHDPLQWHUORFNV\VWHPLVLQSODFHZKLFKLQKLELWV
PRYLQJWKH9(/2 FORVHWRWKHEHDPZKHQWKHEHDPFRQGLWLRQVDUHQRWVWDEOH
7KHKLWUHVROXWLRQRI DQ rVHQVRURI WKH9(/2 LV VKRZQ LQ)LJ  IRU WZRSURMHFWHG
DQJOHVRI WKHWUDFN 1RWHWKDWWKHEHVWUHVROXWLRQLVµP ZKLFKLVWKHEHVWYHUWH[GHWHFWRU
UHVROXWLRQDFKLHYHGDWWKH/+&
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7KH7UDFNHU7XULFHQVLV77 >@ >@ >@LVORFDWHGEHWZHHQ5,&+DQGWKHPDJQHWDQG
FRQVLVWVRI IRXUSODQHVRI VLOLFRQPLFURVWULSVHQVRUVZLWKDSLWFKRI µP DQGDVWULS
OHQJWKXSWR FP 7KHVHQVRUVKDYHDWKLFNQHVVRI µP DQGXVHVLQJOHVLGHG S+RQQ
VLOLFRQ 7KH\DUHDUUDQJHGLQKDOI PRGXOHV ZKLFKFRQVLVWRI VHYHQVLOLFRQVHQVRUVZKLFKDUH
UHDGRXWLQVHFWRUV FRQWDLQLQJIRXUDQGWKUHHVHQVRUVDZD\IURPWKHEHDPSLSHRUIRXU
WZRDQGRQHVHQVRUVFORVHWRWKHEHDPSLSH $QLOOXVWUDWLRQIRUWKHODVWW\SHFDQEHVHHQ
  
D E
)LJXUH  6NHWFKIRUWKH φDDQG rEVHQVRUVRI WKH9(/21RWHWKHNLQNVLQWKH
VWULSVRI WKH rVHQVRUVWRUHGXFHWKHRFFXSDQF\DQGWKHLQFUHDVLQJVWULSSLWFKHV
ZKHQPRYLQJIURPWKHLQVLGHWRWKHRXWVLGH )LJXUHVWDNHQIURP5HI >@
m]µStrip Pitch [
30 40 50 60 70 80 90 100
m
]  
   
µ
Re
so
lu
tio
n 
[
0
5
10
15
20
25
30
35
40
45
LHCb Preliminary
Projected angle 0-4 degrees
Projected angle 7-11 degrees
Binary Resolution
)LJXUH 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)LJXUH  +DOI PRGXOHRI WKH77 ZLWKRQH WZRDQGIRXUVHFWRUVERQGHGWRJHWKHUIRU
WKHUHDGRXW )LJXUHWDNHQIURP5HI >@
LQ)LJ  7KHGLIIHUHQWOHQJWKRI WKHVHUHDGRXWVHFWRUVLVGXHWRWKHGLIIHUHQWDPRXQWRI
SDUWLFOHVWUDYHUVLQJWKHGHWHFWRU 7KHSDUWLFOHIOX[LVKLJKHVWLQWKHVWULSVFORVHVWWRWKHEHDP
SLSH ZKLOVWLWIDOOVRII E\DERXWWZRRUGHUVRI PDJQLWXGHLQWKHRXWHUPRVWUHJLRQVRI WKH
GHWHFWRU 7KHUHDGRXWHOHFWURQLFVDUHSODFHGDWWKHXSSHURUORZHUHGJHRI WKHKDOI PRGXOH
O\LQJRXWVLGHWKHDFFHSWDQFHRI /+&E 7ZRKDOI PRGXOHVDUHMRLQHGWRJHWKHUWRVSDQWKH
IXOOKHLJKWRI WKH77 H[FHSWIRUWKHSDUWDERYHDQGEHORZWKHEHDPSLSH :KLOHWKHILUVW
DQGWKHODVWOD\HUKDYHVHQVRUVZLWKVWULSVUXQQLQJYHUWLFDOO\ ZKLOHWKHVHFRQGDQGWKLUG
OD\HUDUHWLOWHGZLWKDQDQJOHRI ◦ DQG◦ ZLWKUHVSHFWWRWKHYHUWLFDOD[LV $QLOOXVWUDWLRQ
RI WKHILUVWDQGWKHVHFRQG77 OD\HUFDQEHVHHQLQ)LJ  7KLVVHWXSDOORZVIRUDVWHUHR
YLHZDQGDWLOWHGOD\HULVFRQVHTXHQWO\FDOOHGD©VWHUHROD\HUª 7KHILUVWDQGVHFRQGOD\HU
DUHFDOOHG77D; DQG77D8ZKLOHWKHWKLUGDQGIRXUWKOD\HUDUHUHIHUUHGWRDV77E9 DQG
77E;77DDQG77EGHQRWHWKHVWDWLRQVZLWKWKHILUVWWZRDQGWKHODVWWZROD\HUV 7KHWZR
VWDWLRQVDUHVHSDUDWHGE\DERXWFP ZKLOHWKHOD\HUVLQVLGH77DRU77EDUHPXFKFORVHU
WRHDFKRWKHU 1RWHWKDWDGMDFHQWPRGXOHVZLWKLQDOD\HUDUHVWDJJHUHGE\DERXW FP LQ
WKH zGLUHFWLRQDQGKDYHRYHUODSUHJLRQVLQ x RI DIHZPLOOLPHWHUV 7KLVDYRLGVJDSVLQWKH
DFFHSWDQFHDQGVLPSOLILHVWKHUHODWLYHDOLJQPHQWRI WKHLQGLYLGXDOPRGXOHV (DFKOD\HULQ
77DKDVKDOIPRGXOHVZKLOHLQ77EWKHOD\HUVKDYHKDOIPRGXOHV WRFRYHUWKHODUJHU
DUHDUHTXLUHGIRUWKHIXOODFFHSWDQFHDWDODUJHUYDOXHRI z ,QWRWDO WKHVLOLFRQIRUPVDQ
DFWLYHGHWHFWRUDUHDRI P2 ZLWKDWWRWDORI ·UHDGRXWFKDQQHOV
77 LVKRXVHG LQ WZRKDOIVWDWLRQV RQH IRU HYHU\ VLGHRI  WKHEHDPSLSHZKLFKFDQEH
UHWUDFWHGKRUL]RQWDOO\IRUPDLQWHQDQFH 'XULQJRSHUDWLRQ WKHLQVLGHRI WKHER[IRUPVRQH
ODUJHYROXPH 7KHPRGXOHVDUHPRXQWHGRQFRROLQJSODWHVDWWKHWRSDQGERWWRPRI WKH
ER[ ZKLFKSURYLGHVXSSRUWIRUWKHPRGXOHVDQGFRROWKHHOHFWURQLFV 7KHER[YROXPHLV
FRQWLQXRXVO\IOXVKHGZLWKQLWURJHQWRDYRLGFRQGHQVDWLRQRQWKHFROGVXUIDFHV PRUHRYHU
WKHWHPSHUDWXUHLQVLGHWKHER[LVNHSWDWDERXW◦&
9HUWLFDOZLWKUHVSHFWWRWKH/+& FRRUGLQDWHV\VWHP
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ZLWKDWLOWRI ◦ RI WKHPRGXOHVLQE 7KHGLIIHUHQWFRORXUVFRUUHVSRQGWRGLI
IHUHQWUHDGRXWVHFWRUV WKHEOXHULPLVWKHSRVLWLRQRI WKHUHDGRXWHOHFWURQLFV
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2ULJLQDOO\77 ZDVEXLOW WREHDQ LQWHJUDOSDUWRI  WKH WULJJHUV\VWHPLWVQDPHZDV WKHQ
©7ULJJHU7UDFNHUª KRZHYHULWZDVQHYHUXVHGLQWKLVUROH ,WLVPDLQO\XVHGWRLPSURYHWKH
PRPHQWXPUHVROXWLRQIRUSDUWLFOHVWUDYHUVLQJWKHZKROHGHWHFWRURUUHFRQVWUXFWLQJIOLJKW
SDWKVRI SDUWLFOHVGHFD\LQJRXWVLGHWKH9(/2,WDOVRLPSURYHVWKHUHMHFWLRQRI JKRVWWUDFNV
ZKLFKDUHWUDFNVWKDWGRQRWEHORQJWRDUHDOSDUWLFOHKDYLQJWUDQVYHUVHGWKHGHWHFWRU 7KH
KLWUHVROXWLRQLVDERXWµP ZLWKDQRFFXSDQF\LQWKHUDQJHFORVHWREHDPSLSHWR
RXWHUPRVWVHFWRU
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7KH,QQHU7UDFNHU,7 >@ >@IRUPVWKHLQQHUSDUWRI WKHWUDFNLQJVWDWLRQV7 VWDWLRQV
FORVHVWWRWKHEHDPSLSH $VWKHSDUWLFOHIOX[LVWKHKLJKHVWLQWKHVHUHJLRQV VLOLFRQVHQVRUV
ZHUHFKRVHQDVGHWHFWLQJGHYLFHV 7KH,7 FRQVLVWVRI WKUHHVWDWLRQV ZKHUHHDFKVWDWLRQ
FRPSULVHVIRXUGHWHFWRUER[HVZKLFKDUHDUUDQJHGDURXQGWKHEHDPSLSH VHH)LJ 
(DFKER[KRXVHVIRXUGHWHFWRUOD\HUVDQGHDFKOD\HUKDVDWRWDOQXPEHURI VHYHQPRGXOHV
$VLQWKH77WKHILUVWDQGODVWOD\HUZLWKLQDER[UXQYHUWLFDOO\ ZKLOHWKHVHFRQGDQGWKLUG
OD\HUDUHWLOWHGE\◦ DQG◦ ZLWKUHVSHFWWRWKHYHUWLFDO UHVSHFWLYHO\ 7KHPRGXOHVWRWKH
OHIWDQGULJKWRI WKHEHDPSLSHFRQVLVWRI WZRVHQVRUV ZKLOHWKHRQHVRQWRSDQGERWWRP
RI WKHEHDPSLSHRQO\KDYHRQHVHQVRU 7KH,7 DQGDOORWKHUGHWHFWRUVGRZQVWUHDPRI WKH
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PDJQHWDUHEXLOWZLWKWKHGHWHFWRUOD\HUVUXQQLQJYHUWLFDOO\ZLWKUHVSHFWWRWKHFHQWHURI
JUDYLW\ QRWWKH/+& FRRUGLQDWHV\VWHP 7KLVFKRLFHZDVWDNHQWRVLPSOLI\WKHFRQVWUXFWLRQ
RI WKHVXSSRUWVWUXFWXUHVIRUWKHODUJHDQGKHDY\GHWHFWRUVGRZQVWUHDPRI WKHPDJQHW
7KH VLOLFRQV VHQVRUVXVHG LQ WKH ,7 VOLJKWO\GLIIHU IURP WKHRQHVXVHG LQ WKH777KH\
DUHVLQJOHVLGHG S+RQQ VHQVRUVZLWKDVL]HRI  FP × FP DQGDWKLFNQHVVRI µP
IRURQHVHQVRUPRGXOHVDQGµP IRUWZRVHQVRUPRGXOHV 7KH\KDYHDVWULSSLWFKRI
µP DQGUHDGRXWVWULSVSHUVHQVRUV ZKLFKOHDGVWRDVLPLODUUHVROXWLRQDVLQWKH77
6LPLODUO\WRWKHVLWXDWLRQLQWKH77WKHHOHFWURQLFVDUHFRROHGYLDDFRYHUSODWHZKLFKLQ
FRUSRUDWHVFRROLQJSLSHV WKURXJKZKLFKWKHFRROLQJDJHQW &) LVSXPSHG 7KHER[LV
WKHQDOVRIOXVKHGZLWKQLWURJHQWRDYRLGFRQGHQVDWLRQRQWKHFROGVXUIDFHV 7KHZKROH,7
LVPRXQWHGRQODUJHVXSSRUWIUDPHVZKLFKDUHDWWDFKHGWRUDLOVRXWVLGHWKHGHWHFWRUDFFHS
WDQFHRQWKHWRSDQGWKHERWWRP $VWKHUHDGRXWHOHFWURQLFVDQGFRROLQJV\VWHPFDQQRWEH
SODFHGRXWVLGHWKHDFFHSWDQFHGXHWRWKHSRVLWLRQRI ,7WKHPDWHULDOEXGJHWIRUWKH,QQHU
7UDFNHULVQRQXQLIRUP &ORVHWRWKHEHDPLWDGGVXSWR X0 SHUVWDWLRQZKLOHIRU
WKHQDUURZUHJLRQRI WKHFRROLQJSLSHVLWFDQDGGXSWR X0 SHUVWDWLRQ
7KHRFFXSDQF\LQ,7 UDQJHVIURPDERXWVWULSVFORVHVWWRWKHEHDPWRDERXW
RXWHUPRVWVWULSIRUWKHER[HVOHIWDQGULJKWRI WKHEHDPSLSHZKLOHWKH\DUHLQWKHUDQJH
RI WRLQWKHER[HVDERYHDQGEHORZWKHEHDPSLSH
7KHFRQFHSWRI X0 FDOOHGWKHUDGLDWLRQOHQJWK LVH[SODLQHGLQ6HFW 
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7KHRXWHUSDUWRI WKH7 VWDWLRQV FDOOHG2XWHU7UDFNHU27 >@ >@LVEXLOWDVDQDUUD\
RI VWUDZWXEHPRGXOHV 7KHVHGULIWWXEHVDUHDUUDQJHGLQWZRVWDJJHUHG GLVSODFHGOD\HUV
WRIRUPDPRGXOHDQGKDYHDQLQQHUGLDPHWHURI PP $ VNHWFKRI DPRGXOHLVVKRZQ
LQ)LJ  7KHPRGXOHVDUHDUUDQJHGLQWKUHHVWDWLRQVZLWKIRXUOD\HUVHDFK ZLWKDJDLQ
WKHPLGGOHWZROD\HUVLQDVWDWLRQWLOWHGE\ ±◦ ZLWKUHVSHFWWRWKHYHUWLFDO VLPLODUWRWKH
DUUDQJHPHQWLQWKH,77ZRW\SHVRI PRGXOHVH[LVW /RQJRQHV ZKLFKKDYHDOHQJWKRI
DERXWP DQGFRQWDLQVWUDZWXEHV DQGVKRUWRQHVZLWKDERXWKDOI WKHOHQJWKRI WKH
ORQJRQHVDQGKDOI WKHQXPEHURI VWUDZWXEHV 7KH\DUHXVHGDERYHDQGEHORZWKH,7
$OOWRJHWKHU WKLVUHVXOWVLQDERXW·FKDQQHOVIRUWKHZKROH27([FHSWIRUWKHFURVV
VKDSHGUHJLRQRFFXSLHGE\WKH,7WKH27 FRYHUVWKHIXOO/+&EDFFHSWDQFHRI 
PUDG LQWKHQRQEHQGLQJEHQGLQJSODQHZKLFKOHDGVWRDWRWDODUHDRI ×PP2
7KHVKDSHDQGH[WHQWRI WKHUHJLRQDVVLJQHGWR,7 ZDVFKRVHQVRWKDWWKHRFFXSDQF\LQ
WKH27 GRHVQRWH[FHHGIRUDQLQVWDQWDQHRXVOXPLQRVLW\RI 2 · 1032 FP− V− 7KH
DUUDQJHPHQWRI WKH,7 DQGWKH27 LVVKRZQLQ)LJ 
$ VLQJOHGULIWWXEHKDVDF\OLQGULFDOVKDSHDQG LWVYROXPHLVILOOHGZLWKDJDVPL[WXUHRI
$U&222 ZKLFKDOORZVIRUDVKRUWGULIWWLPH 7KHGULIWWXEHVDUHHOHFWULFDOO\VSOLWLQWR
DWRSDQGERWWRPKDOI ZLWKDVHSDUDWHUHDGRXWIRUERWKKDOYHV 7KLVVSOLWLVQRWGRQHDW
WKHVDPHYHUWLFDOSRVLWLRQRI WKHWZRPRQROD\HUVLQDPRGXOHWRDYRLGLQVHQVLWLYHUHJLRQV
IXUWKHUPRUHWKHUHLVQRVSOLWIRUWKHVKRUWW\SHRI PRGXOHV $JDLQ WKHGHWHFWRULVVHSDUDWHG
LQWRDOHIWDQGULJKWXQLW ZKLFKERWKFDQEHUHWUDFWHG 7KHGHVLJQRI WKH27 DOORZVSODF
LQJDOOHOHFWURQLFVDQGVXSSRUWVWUXFWXUHVRXWVLGHWKHDFFHSWDQFHFRQWUDU\WRWKHVLWXDWLRQ
IRUWKH,7+RZHYHU WKHVWUDZWXEHVVWLOOFRQWULEXWHDVLJQLILFDQWDPRXQWWRWKHPDWHULDO
EXGJHW RQHVWDWLRQLH PRQROD\HUVRI GULIWWXEHVDGGXSWRDERXWRIX0 ZKLFKLV
VLJQLILFDQWO\PRUHWKDQIRU77 RU,7
7KHGLVWDQFHRI FORVHVWDSSURDFKRI WKHSDUWLFOHWRWKHDQRGHZLUHLVXVHGWRPHDVXUHWKH
FRRUGLQDWHRI WKHSDUWLFOH ,WFDQEHGHWHUPLQHGZLWKWKHNQRZOHGJHRI WKHUHODWLRQRI
WKHGLVWDQFHRI FORVHVWDSSURDFKDQGWKHGULIWWLPH ZKLFKLVWKHH[SHULPHQWDOO\PHDVXUHG
TXDQWLW\ 7KLVWKHQDOORZVIRUDVSDWLDOUHVROXWLRQRI DERXWµP IRUDVLQJOHFHOOZLWKD
KLWHIILFLHQF\RI PRUHWKDQ
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/+&EXVHVWZR5LQJ,PDJLQJ&KHUHQNRY'HWHFWRUV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WLILFDWLRQ PDLQO\ IRUSLRQ NDRQ VHSDUDWLRQ 7KHLUZRUNLQJSULQFLSOH LV EDVHGRQ WKH
&KHUHQNRYHIIHFW >@ SDUWLFOHVWUDYHUVLQJDPHGLXPFDOOHGUDGLDWRUIDVWHUWKDQWKHVSHHG
RI OLJKWLQWKLVPHGLXPZLOOHPLWSKRWRQVDWDQDQJOH θc .QRZLQJWKHUHIUDFWLYH LQGH[
RI WKHPDWHULDOEHLQJWUDYHUVHG WKLVDQJOHFDQWKHQGLUHFWO\EHUHODWHGWRWKHVSHHGRI WKH
SDUWLFOH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Figure 5.35: Arrangement of OT straw-tube modules in layers and stations (left) and overview
of the OT bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are
retracted.
5.3.2 Detector technology
Design
The design of the straw-tube module is based on the following requirements:
• Rigidity: the mechanical stability must guarantee the straw-tube position within a precision
of 100 (500) µm in the x (z) direction; the anode wire has to be centered with respect to the
straw tube within 50 µm over the entire straw length. The module box must be gas-tight and
must withstand an overpressure of 10mbar. The leak rate at this pressure has to be below
8⇥10 4 l/s.
• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.
• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.
• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.
The layout of the straw-tube modules is shown in figure 5.36. The modules are composed
of two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed of individual straw
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Figure 5.36: Cross section of a straw-tubes module (left) and overview of a straw-tubes module
design (right).
tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for t e two monolayers to av id insensitive regions in the middle of the module.
F-modules have an active length of 4850mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.
Construction
The straw tubes are produced by winding together two strips of thin foils,29 as shown in figure 5.37:
the inner (cathode) foil is made of 40 µm carbon doped polyimide (Kapton-XC30); the outer foil
(Kapton-aluminium) is a laminate31 made of 25 µm polyimide, to enhance the straws gas tightness,
and 12.5 µm aluminium, crucial to ensure fast signal transmission and good shielding.
To build a monolayer the straw-tubes were glued to panels with a cored sandwich structure
consisting of a 10mm Rohacell core and two 120 µm carbon fibre skins. High precision aluminium
templates (figure 5.37) were used during the glueing to position the straw-tubes to better than
50 µm over the entire module length. After the straw-tubes were glued to the panel the wiring was
started. A gold-plated tungsten wire32 with a diameter of 25.4 µm is used for the anodes. The wire
was sucked through the straw-tube. At each end the wire is guided using injection-molded Noryl
endpieces. To centre the wire also along the straw-tube Noryl wire locators had been placed every
80 cm inside the straws. The wires were strung with a tension of 0.7 N and were soldered to 5mm
long pads of a printed circuit board.
Special holding-devices, shown in figure 5.38, were used to keep the support panels flat to
within 100 µm during the glueing of the straws and wiring. They were also used to assemble two
monolayer panels into a detector module (figure 5.38). The sides of the modules were closed by
400 µm thick carbon fibre sidewalls. Spacers at the two module ends ensure the proper separation
29Lamina Dieletrics Ltd., UK.
30DuPontTM.
31GTS Flexible Materials Ltd., USA.
32California Fine Wire, USA.
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ZLWK n WKHUHIUDFWLYHLQGH[DQG β = vc WKHQRUPDOLVHGYHORFLW\RI WKHSDUWLFOH :LWKWKH
NQRZOHGJHRI WKHSDUWLFOH·VPRPHQWXP WKHLQYDULDQWPDVVDQGWKHUHIRUHWKHSDUWLFOHW\SH
FDQEHGHWHUPLQHG
7KHILUVW&KHUHQNRYGHWHFWRU 5,&+ LVVLWXDWHGEHWZHHQWKH9(/2 DQGWKH77 DQGFRYHUV
WKHIXOO/+&EDFFHSWDQFH $ VNHWFKLVVKRZQLQ)LJ  ,WXVHVWZRNLQGVRI UDGLDWRUV
SODWHVRI DHURJHOZLWKDUHIUDFWLYHLQGH[RI DW λ = 400 QP WRSURYLGHVHSDUDWLRQIRU
SDUWLFOHVZLWKDPRPHQWXPRI DIHZ *H9/c DQG &) DVDJDVHRXVUDGLDWRUILOOLQJWKH
YROXPHRI 5,&+ 7KH &) KDVDUHIUDFWLYHLQGH[RI DW λ = 400 QP DQGSURYLGHV
NDRQSLRQVHSDUDWLRQXSWR*H9/c 7KH&KHUHQNRYOLJKWLVWKHQUHIOHFWHGYLDDVSKHULFDO
DQGDSODQHPLUURULQWRDQDUUD\RI 3L[HO+\EULG3KRWRQ'HWHFWRUV+3'VDWWKHWRSDQG
ERWWRPRI WKH5,&+RXWVLGHWKHDFFHSWDQFH ZKLFKDPSOLI\WKHVLJQDO 7KHVH+3'V
DFFHOHUDWHWKHSKRWRHOHFWURQ ZKLFKUHVXOWVIURPWKH&KHUHQNRYSKRWRQLPSLQJLQJRQWKH
VXUIDFHRI WKH+3'RQWRDSL[HOVHQVRU 7KLVVHQVRUVSURYLGHVDSRVLWLRQPHDVXUHPHQW
DOORZLQJWKHUHFRQVWUXFWLRQRI WKH©ULQJVªFUHDWHGE\WKH&KHUHQNRYOLJKW 7KHUDGLXVRI
WKHVHULQJVLVSURSRUWLRQDOWRWKH&KHUHNQRYDQJOH 7KHSKRWRQGHWHFWRUVDUHVHQVLWLYHWR
VWUD\PDJQHWLFILHOGV KHQFHWKH\KDYHWREHHPEHGGHGLQWRDPDJQHWLFVKLHOGVWUXFWXUHVR
FDOOHG©VKLHOGER[HVª ZKLFKQHHGWRDWWHQXDWHWKHH[WHUQDOILHOGE\DIDFWRURI ZLWKRXW
KDYLQJDQLPSDFWRQWKHRYHUDOOILHOGLQWKLVUHJLRQ
7KHVHFRQG&KHUHQNRYGHWHFWRU 5,&+LV ORFDWHGEHWZHHQWKH7 VWDWLRQVDQGWKHILUVW
PXRQVWDWLRQ ,WKDVDUHGXFHGDQJXODUDFFHSWDQFHRI PUDG WRPUDG LQWKH
EHQGLQJQRQEHQGLQJSODQH ,WXVHV &) DVDUDGLDWRU ZLWKDUHIUDFWLYHLQGH[ n RI 
DW λ = 400 QP DQGLWLVXVHGIRUSDUWLFOHLGHQWLILFDWLRQIRUKLJKPRPHQWXPSDUWLFOHVIURP
DERXW*H9/c XSWR*H9/c 8QOLNH5,&+ 5,&+KDVWKH+3'VDQGPLUURUVVLWX
DWHGWRWKHOHIWDQGULJKWRI WKHEHDPSLSH LQFRUSRUDWLQJDPDJQHWLFVKLHOGVWUXFWXUHVLPLODU
WRWKHRQHLQ5,&+
7KH&KHUHQNRYDQJOHV IRU WKH WKUHHGLIIHUHQW UDGLDWRUVXVHG LQ5,&+DQG5,&+DUH
VKRZQLQ)LJ  ZKLOHWKHGLVFULPLQDWLRQSRZHUEHWZHHQSLRQVDQGNDRQVLVVKRZQLQ
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7KHFDORULPHWU\V\VWHP >@ >@VHUYHVPXOWLSOHSXUSRVHV 2QWKHRQHKDQGLWLVXVHGWR
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Figure 6.46: Side view of the muon system.
Appropriate programming of the L0 processing unit (see section 7.1.2) allows the muon trig-
ger to operate in the absence of one station (M1, M4 or M5) or with missing chamber parts, al-
though with degraded performance (worse pT resolution).
The layout of the muon stations is shown in figure 6.47. Each Muon Station is divided into
four regions, R1 to R4 with increasing distance from the beam axis. The linear dimensions of the
regions R1, R2, R3, R4, and their segmentations scale in the ratio 1:2:4:8. With this geometry,
the particle flux and channel occupancy are expected to be roughly the same over the four regions
of a given station. The (x,y) spatial resolution worsens far from the beam axis, where it is in any
case limited by the increase of multiple scattering at large angles. The right part of figure 6.47
shows schematically the partitioning of the station M1 into logical pads and the (x,y) granularity.
Table 6.5 gives detailed information on the geometry of the muon stations.
Simulation
A complete simulation of the muon system was performed using GEANT4. Starting from the
energy deposits of charged particles in the sensitive volumes, the detector signals were created and
digitized taking into account detector effects such as efficiency, cross-talk, and dead time as well as
effects arising from pile-up and spill-over of events occurring in previous bunch crossings [167].
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Figure 6.51: Exploded schematic view of a chamber showing the various elements.
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Figure 6.52: Cross section of a wire chamber showing the four gas gaps and the connection to the
readout electronics. SPB: Spark Protection Board; CARDIAC: FE Electronics Board. In this case
th hardwired OR forming the two Double Gaps (see text) is achieved in the SPB.
inside the Faraday cage to minimize electrical pickup. The HV is brought in through a custom-
made multipin connector and multiconductor cable. LVDS shielded cables are used for signal
transmission and control.
The general design and construction is the same for all chambers and is discussed in detail
in [183].
Chamber construction
Given the large number of chambers, the production was distributed among six production sites. A
great effort went into ensuring that all those sites had equivalent facilities and tooling, albeit with
some flexibility. The same stringent quality criteria and test protocols were adopted throughout to
ensure a constant quality of the produced chambers.
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1.2)%. To determine the mis-ID coming from both pion and kaon tracks escaping out of the HCAL,
the same K0S and   samples as used to study the RICH performance are exploited. Fig. 3(b) shows
a comparison of the mis-ID rates from pions, as a function of momentum, in both data and Monte
Carlo. With the plentiful K0S statistics in the first data, the resulting error bars on each data point
are seen to be almost negligible, and the overall agreement with the Monte Carlo distribution is
excellent. The integrated mis-ID rates for pions and kaons is found to be (2.35± 0.04)% and
(1.67±0.06)%, respectively.
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Figure 3: Muon PID performance as a function of track momentum. In (a), a comparison of the muon
identification between data (red) and Monte Carlo (blue) following a loose ID requirement. Note the offset
on the y-axis. In (b), a comparison of the pion mis-identification between data (back) and Monte Carlo (red).
4. Summary
Particle identification at LHCb is essential in order for it to perform precision measurements
of CP violation and rare decays. From day one of LHC collisions, the PID systems of the RICH,
CALO and Muon sub-detectors have been fully operation. Each detectors performance is found to
be reliable with efficiencies, as determined on
 
s= 7 TeV data, approaching design specifications.
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Figure 6.49: Front view of one quadrant of stations M2 and M3 showing the partitioning into
sectors. In one sector of each region a horizontal and a vertical strip are shown. The intersection
of a horizontal and a vertical strip defines a logical pad (see text). A Sector of region R1 (R2, R3,
R4) contains 8 (4, 4, 4) horizontal strips and 6 (12, 24, 24) vertical strips.
Table 6.7: Main MWPC parameters.
Parameter Design value
No. of gaps 4 (2 in M1)
Gas gap thickness 5mm
Anode-cathode spacing 2.5mm
Wire Gold-plated Tungsten 30 µm diameter
Wire spacing 2.0mm
Wire length 250 to 310mm
Wire mechanical tension 0.7 N
Total no. of wires ⇥ 3 ·106
Operating voltage 2.5–2.8 kV
Gas mixture Ar / CO2 / CF4 (40:55:5)
Primary ionisation ⇤ 70 e /cm
Gas Gain ⇤ 105 @ 2.65 kV
Gain uniformity ±20% typical
Charge/MIP (one gap) ⇤ 0.6 pC @ 2.65 kV
mixture Ar/CO2/CF4(40 : 55 : 5) was adopted. By OR-ing the signals from two adjacent gas
gaps the resulting double gap has an efficiency better than 95% in a 20 ns window at a gas gain of
G ⇤ 105. This gain is achieved at a voltage of 2600–2700V [177]. Prototype tests with intense
beams (100 kHz/cm2) confirmed the prediction that space-charge effects are negligible at the rates
expected for the experiment [178].
The main parameters of the MWPC detectors are summarized in table 6.7. Detailed simu-
lations [179] based on GARFIELD [180] were performed to optimize the design and to establish
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Figure 6.48: Scheme of the mixed wire-cathode pads readout in one M2R1 chamber. Two wire-
pad and two cathode-pad readout channels are shown. The coincidence between crossing vertical
wire-pads and the cathode physical pads defines the logical pads, shown in black.
In the M1 station, where the foreseen channel occupancy is high, the signals from the logical
pads ar sent directly to the trigger and DAQ. In most of the other regions, in order to reduce
the number of output optical fibres, several contiguous logical pads are further OR-ed to build
larger logical channels in the form of vertical and horizontal strips. The logical pads are then
reconstructed by the coincidence of two crossing strips. This operation is performed in the Level-0
Trigger Processor (see 7.1) and in the DAQ TELL1 boards (see 8.2).
Figure 6.49 shows the partitioning of a quadrant of stations M2 and M3 into sectors contain-
ing the crossing strips. The sector size is adapted to the trigger processing elements that work on a
fixed number of logical pads belonging to a projective tower over the five stations.
The full muon system comprises 122112 physical channels ORed into 25920 logical channels
which are transmitted via optical links to the Level-0 trigger and DAQ electronics. Appropriate
combinations of logical channels in the Level-0 and High-Level Trigger provide the 55296 logical
pads used for the muon tracking.
The specifications of the MWPCs and GEMs and their performance are summarised in the
following sections.
6.3.2 Wire chambers
Design
The LHCb muon syste comprises 1368 Multi Wire Proportional Chambers. Prototype stud-
ies [170–176] showed that a time resolution of about 5 ns can be achieved in a gas gap with a
wire plane of 2mm spacing, symmetrically placed in a 5mm gas gap, using fast, non-flammable,
gas mixtures of Ar/CO2/CF4 with 40% Ar and variable concentrations of CO2/CF4. Finally the
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ZKHUH K = 4pie4c2meNA ZLWK e WKHHOHFWURQFKDUJH c WKHVSHHGRI OLJKW me WKHPDVVRI WKH
HOHFWURQ NA WKH$YRJDGURQXPEHU z WKHFKDUJHRI WKHSDUWLFOHLQHOHFWURQFKDUJHV Z
WKHDWRPLFQXPEHURI WKHDEVRUEHU A WKHDWRPLFPDVVRI WKHDEVRUEHU β = vc  I WKHPHDQ
H[FLWDWLRQHQHUJ\LQH9 TPD[ WKHPD[LPXPNLQHWLFHQHUJ\WUDQVIHUUHGWRDIUHHHOHFWURQ
LQDVLQJOHFROOLVLRQDQG δ(βγ) DQHQHUJ\FRUUHFWLRQGXHWRSRODULVDWLRQ
7KH%HWKH%ORFK)RUPXOD GHVFULEHV WKHPHDQ HQHUJ\ ORVV IRU YHORFLWLHV 0.1 < βγ <
1000 ZLWKDSUHFLVLRQRI DIHZSHUFHQWIRULQWHUPHGLDWH= PDWHULDOV )RUORZHU βγ YDOXHV
FRUUHFWLRQVKDYHWREHLQWURGXFHGLQ(T  WRDFFRXQWIRUWKHILQLWHVSHHGRI WKHHOHFWURQV
LQWKHDWRPLFVKHOOV )RUKLJKHUYDOXHV WKHHQHUJ\ORVVGXHWRUDGLDWLYHSURFHVVHVEHFRPHV
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Fig. 1. Specific energy loss in the TPC as a function of momentum with superim-
posed Bethe–Bloch lines for various particle species. The dashed lines show the pion
and proton exclusion bands. The dotted line corresponds to the +3σ cut for elec-
trons (see text).
Fig. 2. Top panel: invariant mass distributions for opposite-sign (OS) and like-sign
(LS) electron pairs (|y| < 0.9, all pT), as well as for pairs obtained with one track
randomly rotated (TrkRot, see text). Bottom panel: the difference of the OS and LS
distributions with the fit to the Monte Carlo (MC) signal superimposed.
The invariant mass distribution for the opposite-sign (OS) elec-
tron pairs is shown in Fig. 2. In the same figure we also show
the background contribution, obtained as the sum of the like-sign
(LS) pairs, N++ + N−− , scaled to match the integral of the OS
distribution in the mass interval 3.2–5.0 GeV/c2. The scale fac-
tor, 1.23, originates from the presence of correlated background
(mostly from semi-leptonic charm decays) in the OS distribution,
but is also influenced by misidentified electrons and by electrons
from conversions. In the top panel of Fig. 2 we also show the back-
ground estimated using a track rotation method (TrkRot),2 used
later in the estimate of the systematic uncertainties related to sig-
nal extraction. The signal, obtained by subtracting the scaled LS
distribution from the OS, is shown in the bottom panel of Fig. 2
in comparison with the signal from Monte Carlo (MC) simulations
(described below). A good agreement between data and MC is ob-
served, both for the bulk of the signal and for the bremsstrahlung
tail. Integration of the signal in the mass range 2.92–3.16 GeV/c2
yields NJ/ψ = 352 ± 32 (stat.) ± 28 (syst.) counts (the system-
atic uncertainty on this quantity is described below); the signal
to background ratio is S/B = 1.2 ± 0.1 and the significance is
S/
√
S + B = 13.9 ± 0.6. The tagging and corresponding rejection
of γ conversions is found to improve S/B by ∼30%. The MC simu-
lations show that (73.4± 2.0)% of the signal is within the integra-
tion range. The error on this quantity was obtained by analyzing
MC samples where the detector material budget was varied by
±6% [26] with respect to the nominal value, and by varying the
track-related cuts (pT and required number of TPC clusters) around
their nominal values. A fit to the invariant mass distribution after
background subtraction with a Crystal Ball function [27] gives a
mass resolution of 28.3± 1.8 MeV/c2.
For the dimuon channel, the total data sample available for
physics analysis amounts to 1.9× 108 MB events, of which 1.0×
107 satisfy the µ-MB condition.
An accurate alignment of the tracking chambers of the muon
spectrometer is an essential pre-requisite to identify resonances in
the µ+µ− invariant mass spectrum. This was carried out using a
modified version of the MILLEPEDE package [28,29], starting from
a sample of 3 × 105 tracks, taken with no magnetic field in the
dipole and in the solenoid. The resulting alignment precision is
∼750 µm in the bending and non-bending directions.
Track reconstruction is based on a Kalman filter algorithm [29,
30]. The procedure starts from the most downstream tracking sta-
tions (4 and 5), which are less subject to the background due to
soft particles that escape the front absorber. Straight line segments
are formed by joining clusters on the two planes of each station
and a first estimate of the track parameters (position, slope and
inverse bending momentum) and corresponding errors is made.
The momentum is first estimated assuming that the track origi-
nates from the vertex and is bent by a constant magnetic field in
the dipole. In a second step, track candidates on station 4 are ex-
trapolated to station 5 (or vice versa) and paired with at least one
cluster on the basis of a χ2 cut. If several clusters are found, the
track is duplicated to consider all the possible combinations. After
this association the track parameters and errors are recalculated
using the Kalman filter.
The same procedure is repeated iteratively for the upstream
stations, rejecting, at each step, the candidates for which no clus-
ter is found or those whose parameters indicate that they will exit
the geometrical acceptance of the spectrometer in the next steps.
At the end of the procedure, additional algorithms are applied to
improve the track quality by adding/removing clusters based on a
χ2 cut, and removing fake tracks sharing clusters with others. Fi-
nally, the remaining tracks are extrapolated to the primary vertex
position as given by the SPD [24], and their parameters are recom-
puted taking into account the energy loss and multiple Coulomb
scattering in the absorber. With the alignment precision obtained
for the analyzed data sample the relative momentum resolution of
2 The method consists in rotating, around the z axis, one of the tracks of the
OS pair by a random azimuthal angle. More pairs can be obtained by applying the
method several times to the same pair.
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SURWRQVDQGQHXWURQVFDOOHGVSDOODWLRQ RUWKH\XQGHUJRGHHSLQHODVWLFVFDWWHULQJ ZKLFK
SURGXFHVQHZKDGURQV PRVWO\SLRQV 7KHTXDQWLW\RI LQWHUHVWLVWKHQXFOHDULQWHUDFWLRQ
OHQJWK λint ZKLFKGHVFULEHVWKHPHDQIUHHSDWKRI DSDUWLFOHEHWZHHQWZRKDGURQLFLQ
WHUDFWLRQV ,Q JDVHRXVK\GURJHQ IRUH[DPSOH λint LV 6.21 · 105 FP ZKLOH LQ OHDG LW LV
17.59 FP >@ 7KH LQLWLDO SDUWLFOH LV RIWHQ ORVW LQKDGURQLF LQWHUDFWLRQV DQG FDQQRWEH
WUDFNHGDQ\PRUH 7KHFURVVVHFWLRQGHSHQGVRQWKHW\SHRI SDUWLFOH LWVFKDUJHDQGPR
PHQWXP 7KHWRWDODPRXQWRI PDWHULDOXSWRWKHODVWWUDFNLQJVWDWLRQLVDERXWRI D
7KHFULWLFDOHQHUJ\IRUZKLFK%UHPVVWUDKOXQJGRPLQDWHVIRUHOHFWURQVLVDSSUR[LPDWHO\JLYHQE\ Ec =
8000H9
Z+1.2 >@ )RURWKHUSDUWLFOHVZLWKPDVVM  %UHPVVWUDKOXQJLVVXSSUHVVHGE\DIDFWRU
(
me
M
)2
  
KDGURQLFLQWHUDFWLRQOHQJWK 7KLVWRSLFLVGLVFXVVHGDJDLQLQ6HFW 
9b8b9b 0'/$+' // -$)"
0XOWLSOHVFDWWHULQJLVDVHTXHQFHRI &RXORPEVFDWWHULQJVWKDWOHDGWRDFKDQJHRI WKHIOLJKW
GLUHFWLRQRI WKHSDUWLFOH ,WLVGHVFULEHGLQGHWDLOZLWKWKH%HWKH0ROLqUHIRUPDOLVP >@
IRUDOODQJOHV )RUVPDOOVFDWWHULQJDQJOHV WKHGLVWULEXWLRQRI WKHSURMHFWHGDQJOHFDQEH
DSSUR[LPDWHGE\D*DXVVLDQGLVWULEXWLRQZLWKDZLGWK θ0 >@JLYHQE\
θ0 =
13.60H9
βcp
z
√
x
X0
(
1 + 0.038 ORJ
x
X0
)

ZKHUH βc p DQG z GHQRWHWKHYHORFLW\ WKHPRPHQWXPDQGWKHFKDUJHQXPEHURI WKHLQ
FRPLQJSDUWLFOHUHVSHFWLYHO\DQG x LVWKHWKLFNQHVVRI WKHPDWHULDO 7KLVIRUPXODLVDFFXUDWH
WREHWWHUWKDQIRUDOOPDWHULDOV
9b9b  +- . )//$*) *! /# !'$"#/ +/# *!  +-/$' 
7UDFNLQJFRQVLVWVRI WZRVHSDUDWHSDUWV 3DWWHUQUHFRJQLWLRQDQGILWWLQJ 7KHSDWWHUQUHFRJ
QLWLRQEXQGOHVWRJHWKHUDOOWKHKLWVDVLQJOHSDUWLFOHOHIWLQDOOWKHVXEGHWHFWRUV $ KLWLQWKH
FRQWH[WRI WUDFNLQJLVDZHOOGHILQHGSRLQWRUOLQHLQVSDFHZKLFKFRUUHVSRQGVWRDSDUWRI
DWUDFNLQJGHWHFWRUZKLFK\LHOGHGDQHOHFWURQLFVLJQDOQRWLGHQWLILHGDVQRLVH 7KHLGHD
LVWRFUHDWHDVHWRI KLWVIRUHDFKSDUWLFOHWKDWKDVWUDYHOOHGWURXJKWKHDFWLYHUHJLRQRI WKH
GHWHFWRU 7KHVHVHWVVKRXOGLGHDOO\EHGLVMRLQWEHWZHHQGLIIHUHQWSDUWLFOHVDQGQRWQHJOHFW
DQ\SRVVLEOHKLWVRUDGGIDNHRQHV 7KHWUDFNILWWKHQWULHVWRILQGWKHEHVWGHVFULSWLRQRI
WKHIOLJKWSDWKRI WKHSDUWLFOHDQGLWVPRPHQWXP LQFOXGLQJWKHFRUUHVSRQGLQJHUURUV 7KH
WUDFNILWLQ/+&ELVGRQHXVLQJWKH.DOPDQIRUPDOLVP >@ >@ >@ZKLFKZLOOEHH[SODLQHG
EHORZ
9b9b7b -( /-$./$*) *!  /-&
$ WUDFNFDQEHSDUDPHWULVHGE\OLQHVHJPHQWVZKLFKDUHWDQJHQWLDOWRWKHIOLJKWSDWKRI WKH
SDUWLFOHIRUDQ\JLYHQSRLQWLQVSDFH 7KHVHOLQHVHJPHQWVDQGWKHLUUHVSHFWLYHFRYDULDQFH
PDWULFHVWRUHSUHVHQWWKHHUURUVDUHFDOOHGVWDWHVDQGFDQEHGHVFULEHGE\SDUDPHWHUV
,QUHDOLW\WKLVLVRI FRXUVHQRWSRVVLEOH VHHWKHGLVFXVVLRQRQHIILFLHQF\DQGSXULW\RI WKH77 KLWDGGLQJ
DOJRULWKPLQ6HFW 
  
DQGDGLPHQVLRQDOPDWUL[DWDJLYHQ zSRVLWLRQ
0xz =

x
y
tx
ty
q
p
 ZLWK tx =
∂x
∂z
, ty =
∂y
∂z

ZKHUH q LVWKHFKDUJHRI WKHSDUWLFOHDQG p LWVPRPHQWXP 6WDWHVFDQEHDQ\ZKHUHDORQJWKH
IOLJKWSDWKEXWDUHQRUPDOO\FKRVHQDWWKHPHDVXUHPHQWSODQHVRI WKHWUDFNLQJGHWHFWRUV
7ZRRSHUDWLRQVZLWKWUDFNVWDWHVDUHRI SDUWLFXODU LQWHUHVW SURSDJDWLRQDQGSURMHFWLRQ
3URSDJDWLRQSURYLGHVWKHWUDFNVWDWHDWDSRVLWLRQ z2 JLYHQWKHWUDFNVWDWHDWDSRVLWLRQ z1
IROORZLQJWKHIRUPXOD
0xz2 = fz1→z2(0xz1), 
ZKHUH f GHQRWHVWKHWUDFNSURSDJDWLRQIXQFWLRQ 0XOWLSOHVFDWWHULQJLVWDNHQLQWRDFFRXQW
LQWKLVVWHSE\HQODUJLQJWKHHUURURI WKHSURSDJDWLRQZKHQWKHSDUWLFOHWUDYHOVWKURXJK
DSLHFHRI PDWHULDO 7KHSURSDJDWLRQIXQFWLRQFDQEHKLJKO\QRQOLQHDULQUHJLRQVZLWKD
PDJQHWLFILHOG $ VLPSOHPDWUL[IRUPLVXVHGLQWKHDEVHQFHRI DPDJQHWLFILHOG
fz1→z2(0x1) = Fz1→z20xz1 =

1 0 z2 − z1 0 0
0 1 0 z2 − z1 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1
 0xz1 . 
7KHSURMHFWLRQVWHSGHVFULEHVWKHUHODWLRQEHWZHHQDPHDVXUHPHQWDQGDVWDWHYLDWKHIRU
PXOD
mz = hz(0xz), 
ZKHUH hz LVWKHSURMHFWLRQIXQFWLRQ $JDLQ WKLVUHODWLRQVLPSOLILHVLI DPHDVXUHPHQWGLUHFWO\
SURYLGHVRQHRI WKHFRRUGLQDWHVRI WKHWUDFNVWDWH ,Q WKLVFDVH WKHSURMHFWLRQ UHODWLRQ
EHFRPHVOLQHDUDQG hz FDQEHZULWWHQDVDPDWUL[
9b9b8b '() !$'/ -$)" !*- /# /-& !$/
7UDFNILWWLQJLVDSURFHGXUHWRSURYLGHWKHEHVWHVWLPDWHRI WKHSDUDPHWHUVZKLFKGHVFULEH
WKHSDUWLFOH·VIOLJKWSDWK VXFKDVPRPHQWXPRULPSDFWSDUDPHWHU 7KH.DOPDQILOWHUWHFK
QLTXHLVVSHFLDOO\VXLWHGIRUDWUDFNILWLQDKLJKHQHUJ\SK\VLFVH[SHULPHQWGXHWRWKHIRO
ORZLQJUHDVRQV
 3RVVLEOHH[FOXVLRQRI RXWOLHUVLQWKHSDWWHUQUHFRJQLWLRQLQWKHSUHGLFWLRQVWHS
,QWKLVFDVH DQDGDSWLYHth RUGHU5XQJH.XWWDPHWKRGLVXVHGIRUSURSDJDWLRQ VHH5HI >@
  
 &RPSXWDWLRQDO VSHHG 1R LQYHUVLRQVRI  ODUJHPDWULFHVDUHQHHGHG FRQWUDU\ WRD
OHDVWVTXDUHVHVWLPDWLRQ
 0XOWLSOHVFDWWHULQJDQGHQHUJ\ORVVFDQEHWDNHQLQWRDFFRXQWYHU\QDWXUDOO\
:KLOHWKHVHDUHLPSRUWDQWDGYDQWDJHVIRUDQHIILFLHQWWUDFNLQJDOJRULWKP WKHILQDOUHVXOW
LVHTXLYDOHQW WRD OHDVWVTXDUHVILW 7KH.DOPDQILWFDQEHGLYLGHG LQWRWKUHHVWHSV WKH
FDOFXODWLRQVFDQEHIRXQGLQ5HI >@
 3UHGLFWLRQ 7KLVVWHSSUHGLFWVWKHSDUDPHWHUVRI DVWDWHDWWKHSRVLWLRQ z2 JLYHQD
VWDWHDWWKHSRVLWLRQ z1 XVLQJ(T  ,QRUGHUWRGRWKLV LWQHHGVDWOHDVWRQHLQLWLDO
VWDWH 0x0 ZKLFKKDVWREHSURYLGHGE\DQLQLWLDOILWLQDWUDFNILQGLQJDOJRULWKP 7KLV
VWHSWDNHVPXOWLSOHVFDWWHULQJLQWRDFFRXQWE\LQFUHDVLQJWKHHUURUVLH PRGLILFDWLRQ
RI WKHFRYDULDQFHPDWUL[
 )LOWHULQJ 7KHILOWHULQJVWHSXSGDWHVWKHVWDWHDW z2 ZLWKLQIRUPDWLRQRI WKHPHDVXUH
PHQWDWWKLVSRVLWLRQ
7KHVHWZRVWHSVDUHUHSHDWHGXQWLODOOPHDVXUHPHQWV VHOHFWHGE\WKHSDWWHUQUHFRJQLWLRQ
DUHDGGHGWRWKHWUDFN $WWKLVSRLQWRQO\WKHWUDFNVWDWHDWWKHSRVLWLRQRI WKHPHDVXUHPHQW
DGGHGODVWLQFRUSRUDWHVWKHIXOOLQIRUPDWLRQ
 6PRRWKLQJ ,QWKLVVWHSDOORWKHUWUDFNVWDWHVDUHXSGDWHGLQWKHUHYHUVHGLUHFWLRQ
XVLQJWKH©VPRRWKHUHTXDWLRQVªWRSURYLGHWKHEHVWHVWLPDWHVRI WKHWUDFNVWDWHVDW
DOOJLYHQSRVLWLRQV
$QLOOXVWUDWLRQRI WKH.DOPDQIRUPDOLVPFDQEHVHHQLQ)LJ 
,Q/+&EWKHWUDFNILWLVUXQIURPWKH7VWDWLRQVWRWKH9(/2
9b:b -&. /4+ . $) 	
7KHUHDUHILYHGLVWLQFWVWDQGDUGWUDFNW\SHVLQ/+&E FDWHJRULVHGE\WKHLQGLYLGXDOVXE
GHWHFWRUVDQGFRPELQDWLRQVRI WKHPLQYROYHGLQWKHUHFRQVWUXFWLRQRI WKHWUDFNV
 /RQJWUDFNV /RQJWUDFNVDUHWKHPRVWLPSRUWDQWWUDFNVLQWKH/+&EH[SHULPHQW
7KH\WUDYHUVHWKHGHWHFWRUVWDUWLQJLQWKH9(/2 XSWRWKH7 VWDWLRQV /RQJWUDFNV
OHDYHKLWVLQWKH9(/2 DQGWKH7VWDWLRQV EXWQRWQHFHVVDULO\LQ777KH\DUHPDGH
ZLWKWZRGLIIHUHQWDOJRULWKPVFDOOHG©)RUZDUG7UDFNLQJªDQG©7UDFN0DWFKLQJªVHH
6HFW  DQG 
)RUVSHFLDOSXUSRVHV WKHUHH[LVWIXUWKHUWUDFNW\SHV 6RPHRI WKHPZLOOEHGLVFXVVHGLQ&KDS 
  
z1 z2 z3PDWHULDOOD\HU
0xz1
0xz2
0xz2,SUHG
0xz3
0xz3,SUHG
)LJXUH  ,OOXVWUDWLRQIRUWKH.DOPDQIRUPDOLVP 0xzi GHQRWHWKHILOWHUHGVWDWHV 0xzi,SUHG WKH
SUHGLFWHGVWDWHV WKHUHGGRWVFRUUHVSRQGWRWKHPHDVXUHPHQWV 1RWHWKDWWKH
HUURULVHQODUJHGGXHWRWKHSUHVHQFHRI DPDWHULDOOD\HUZKLFKFRXOGOHDGWR
PXOWLSOHVFDWWHULQJ 7KH.DOPDQILOWHUFRUUHFWVIRUWKHFKDQJHLQWKHGLUHFWLRQ
RI WKHWUDMHFWRU\E\SXOOLQJWKHILOWHUHGVWDWHVWRZDUGVWKHPHDVXUHPHQW
 'RZQVWUHDPWUDFNV 'RZQVWUHDPWUDFNVDUHPDGHE\FKDUJHG ORQJOLYLQJSDUWL
FOHVZLWKDRULJLQYHUWH[FRQVLGHUDEO\GLVSODFHGIURPWKHLQWHUDFWLRQSRLQW 7\SLFDO
H[DPSOHVDUH K06 PHVRQVRU Λ EDU\RQV 7KH\RQO\OHDYHVXIILFLHQWKLWVLQWKH77
DQGWKH7VWDWLRQV 'XHWRWKHODFNRI KLWVLQWKH9(/2 DQGWKHUHIRUHWKHORQJHU
OHYHUDUP WKHPRPHQWXPUHVROXWLRQLVZRUVHIRUWKHVHW\SHVRI WUDFNVWKDQIRUORQJ
WUDFNV
 8SVWUHDPWUDFNV 8SVWUHDPWUDFNVDUHIRUPHGE\ORZPRPHQWXPSDUWLFOHVZKRVH
IOLJKWSDWKVJHWVWURQJO\GHIOHFWHGE\WKHPDJQHWLFILHOGVRWKDWWKH\GRQ·WUHDFKWKH
7VWDWLRQVDQ\PRUH 7KH\DUHXVHGLQWKH5,&+UHFRQVWUXFWLRQ
 7 WUDFNV 7 WUDFNVDUHWUDFNVWKDWFRXOGRQO\EHUHFRQVWUXFWHGLQWKH7 VWDWLRQV 7KH
FRUUHVSRQGLQJSDUWLFOHVPD\FRPHIURPPDWHULDOLQWHUDFWLRQVRUGHFD\VRI YHU\ORQJ
OLYLQJSDUWLFOHV 7KH\DUHXVHGLQWKH5,&+UHFRQVWUXFWLRQDQGFDQEHXVHGIRUWKH
LQWHUQDODOLJQPHQWRI WKH7VWDWLRQV
 9(/2 WUDFNV 9(/2 WUDFNVKDYHKLWVLQERWKWKH rDQG φVHQVRUVRI WKH9(/2
EXW FDQQRWEHPDWFKHG WRKLWV LQ WKHRWKHU WUDFNLQJ VWDWLRQV 7KH\ DUHXVHG IRU
UHFRQVWUXFWLQJSULPDU\YHUWLFHV
  
9(/2 WUDFN
GRZQVWUHDPWUDFN
ORQJWUDFN
XSVWUHDPWUDFN
7 WUDFN
9(/2
77
7 VWDWLRQV
)LJXUH  6NHWFKRI WKH/+&EGHWHFWRULQ[]SURMHFWLRQZLWK9(/277WKHPDJQHWLF
GLSROHDQGWKH7VWDWLRQV 7KHEOXHOLQHVFRUUHVSRQGWRWKHILYHVWDQGDUGWUDFN
W\SHV
9b;b // -) - *")$/$*) '"*-$/#(.
7KHUHDUHWZRDOJRULWKPVLQSODFHLQ/+&EWRILQGORQJWUDFNV ©)RUZDUG7UDFNLQJªDQG
©7UDFN0DWFKLQJª $VORQJWUDFNVDUHWKHPRVWLPSRUWDQWWUDFNW\SHVIRUSK\VLFVDQDO\VHV
WKH\ZLOOEHEULHIO\GLVFXVVHG
9b;b7b *-2- -&$)"
7KHIRUZDUGWUDFNLQJ >@ >@LVEDVHGRQDQRSWLFDODQDORJ\ 7KHPDJQHWLFILHOGFDQEH
VHHQDVDOHQVZKLFKNLFNVWKHIOLJKWSDWKRI DSDUWLFOHIURPRQHGLUHFWLRQLQWRDQRWKHUDW
DZHOOGHILQHGSODQHLQVSDFH PXFKOLNHDOHQVFDQEHVHHQDVJLYLQJDNLQNWRDOLJKWUD\
LQJHRPHWULFDORSWLFV $OWKRXJKWKHPDJQHWLFILHOGRFFXSLHVDILQLWHYROXPHLQVSDFHDQG
WKHUHIRUHEHQGVWKHIOLJKWSDWKFRQWLQXRXVO\ WKHILQDOUHVXOWLQWKHWUDFNLQJVWDWLRQVRXWVLGH
WKHPDJQHWLFILHOGLVWKHVDPH 7KHRQO\FRPSOLFDWLRQWRWKLVVLPSOHPRGHOLVWKHIULQJHILHOG
RI WKHPDJQHW ZKLFKZLOOOHDGWRDQRQFRQVWDQWSRVLWLRQRI WKH©PDJQHWEHQGLQJªSODQH
+RZHYHU DVWKLVFKDQJHLQSRVLWLRQLVUDWKHUVPDOORUGHURI FP WKHDQDORJ\FDQVWLOOEH
H[SORLWHG $VVHHQLQ6HFW  DWUDFNKDVILYHSDUDPHWHUV WZRIRUWKHSRVLWLRQ WZRIRU
WKHVORSHDQGRQHIRUWKHPRPHQWXP ,I WKHSUHFLVHVKDSHRI WKHPDJQHWLFILHOGLVNQRZQ
DQGPXOWLSOHVFDWWHULQJLVQHJOHFWHG WKH)RUZDUG7UDFNLQJDOORZVWKHIXOOUHFRQVWUXFWLRQRI
WKHIOLJKWSDWK
  
7KHSURFHGXUHVWDUWVZLWKD©VHHGª LQWKH9(/27KHVHWUDFNVDUHVWUDLJKWDVWKHUHLVQR
PDJQHWLFILHOGLQWKH9(/27KH\GHWHUPLQHWKHSRVLWLRQDQGWKHVORSH 7RIL[WKHODVW
SDUDPHWHU WKHPRPHQWXP DVLQJOHSRLQW LQ WKH7VWDWLRQV LVQHHGHG 7KHDOJRULWKP
WKHUHIRUHFRPELQHVD9(/2 WUDFNZLWKHYHU\KLWLQD[SODQHLQWKH7 VWDWLRQVWRUHFRQ
VWUXFWDSRVVLEOHIOLJKWSDWK ,WWKHQSURMHFWVDOOPHDVXUHPHQWVDORQJWKLVIOLJKWSDWKLQ
WKH7VWDWLRQVRQWRDSODQHDWDIL[HG zSRVLWLRQ 7KLVWUDQVIRUPDWLRQLVFDOOHGD©+RXJK
WUDQVIRUPª VHH)LJ  7KHPHDVXUHPHQWVFRUUHVSRQGLQJWRWKHSDUWLFOHRI WKH9(/2
VHHGVKRXOGFOXVWHU ZKLOHRWKHUPHDVXUHPHQWVVKRXOGIROORZDUDQGRPGLVWULEXWLRQ ,QWKH
IROORZLQJ WKHKLWVLQWKHFOXVWHUDUHILWWHGDQGRXWOLHUVDUHUHPRYHGXVLQJD χ2 FULWHULXP ,Q
WKLVVWDJHDOVRKLWVIURPWKHVWHUHROD\HUVDUHVHDUFKHGIRUFOXVWHUV ILWWHGDQGDJDLQVHOHFWHG
XVLQJ χ2 )LQDOO\ WKHEHVWWUDFNFDQGLGDWHLVVHOHFWHGEDVHGRQPXOWLSOHWUDFNTXDOLW\FULWHULD
,WVKRXOGEHQRWHGWKDW77 KLWVKDYHQRWEHHQDGGHGXSWRQRZ 7KLVZLOOEHGRQHLQD
VHSDUDWHVWHSDQGH[SODLQHGODWHULQ6HF  $OVRQRWHWKDWDORQJWUDFNGRHVQRWQHFHVVDULO\
QHHGWRKDYH77 KLWV
+RXJKSODQH
+RXJKVSDFH
)LJXUH  6NHWFKRI D+RXJKWUDQVIRUP ZLWKH[WUDSRODWHGWUDFNVROLG EOXHDQGVHDUFK
ZLQGRZVGDVKHG EOXH 7KHKLWVDUHSURMHFWHGDORQJWKHH[WUDSRODWHGWUDFN
RQWRWKH+RXJKVSDFH +LWVEHORQJLQJWRWKHVDPHWUDFNFOXVWHUDURXQGWKH
SRVLWLRQRI WKHH[WUDSRODWHGWUDFNZKLOHRWKHUKLWVDUHUDQGRPO\GLVWULEXWHG
9b;b8b -& /#$)"
$ GLIIHUHQWPHWKRGWRUHFRQVWUXFWSDUWLFOHVWKDWWUDYHUVHWKHIXOOGHWHFWRULVFDOOHG©7UDFN
0DWFKLQJª >@ >@ ,QDILUVWVWHSLWFRPELQHVDOOVWDQGDORQHWUDFNVIURPWKH7VWDWLRQV
$ VHHGLVWKHVWDUWLQJSRLQWIRUHYHU\WUDFNDQGLVFRQVWUXFWHGE\FROOHFWLQJKLWVXVLQJYHU\JHQHUDOSULQFLSDOV
OLNHSK\VLFDOO\SRVVLEOHDQJOHV 2IWHQVHHGVDUHFRQVWUXFWHGLQSDUWVRI WKHGHWHFWRUZLWKRXWDPDJQHWLF
ILHOG $QH[DPSOHFDQEHIRXQGLQ5HI >@
7KHEHQGLQJRI WKHIOLJKWSDWKRQO\RFFXUVLQWKH xGLUHFWLRQWRILUVWRUGHU 7KHUHIRUHDVLQJOHPHDVXUHPHQW
SURYLGLQJWKH xFRRUGLQDWHLVHQRXJK
  
IRXQGE\DQDOJRULWKPFDOOHG©3DW6HHGLQJª >@ >@DQGIURPWKH9(/2 PDGHZLWKDQ
DOJRULWKPFDOOHG©)DVW9HORª >@ %RWKVHHGVRI D9(/27 VWDWLRQSDLUDUHH[WUDSRODWHGWR
WKHPDJQHWEHQGLQJSODQHWRFDOFXODWHWKHLUGLVWDQFHLQ[DQGWRWKHHQGRI WKH7 VWDWLRQVWR
FDOFXODWHWKHLUGLVWDQFHLQ\SUDFWLFDOO\QREHQGLQJRFFXUVLQWKH yGLUHFWLRQ 7KLVGLVWDQFH
DVZHOODVWKHGLIIHUHQFHLQWKHVORSHVLVWKHQXVHGWRIRUPDFRPSDWLELOW\FULWHULRQRQWKLV
9(/27 VWDWLRQWUDFNSDLU ZKLFKLVXVHGDVDPHDVXUHIRUWKH©JRRGQHVVªRI WKHWUDFN
$VLQWKH)RUZDUG7UDFNLQJ 77 KLWVDUHRQO\DGGHGDIWHUWKHVHVWHSVDUHFRPSOHWHG
9b;b9b $/$*)' +// -) - *")$/$*) '"*-$/#(.
9(/2 VWDQGDORQHWUDFNLQJ 'XHWRWKHDEVHQFHRI DPDJQHWLFILHOGLQWKH9(/2WKH
SDWWHUQUHFRJQLWLRQLQWKHYHUWH[ORFDWRULVORRNLQJIRUVWUDLJKWWUDFNV )LUVW WKHPHDVXUH
PHQWVLQWKH rVHQVRUVDUHXVHGWRILQGWUDFNVLQWKH rzSURMHFWLRQZKLOHWKHPHDVXUHPHQWV
LQWKH φVHQVRUVDUHDGGHGDIWHUZDUGV 7KHWUDFNVDUHILWWHGXVLQJD χ2 PLQLPL]DWLRQ 0RUH
LQIRUPDWLRQFDQEHIRXQGLQ5HIV >@DQG >@
7 VWDWLRQVWDQGDORQHWUDFNLQJ 7KH7 VWDWLRQVDUHDIIHFWHGE\WKHIULQJHILHOGRI WKH
PDJQHW DVWDQGDORQHWUDFNLQJZLWKDOLPLWHGPRPHQWXPHVWLPDWHLVWKHUHIRUHSRVVLEOH
7KHDOJRULWKPLVGHVFULEHGLQ5HIV >@DQG >@ 7UDFNVDUHUHFRQVWUXFWHGE\FRPELQLQJD
KLWLQHYHU\VWDWLRQLQWRDSDUDEROD WU\LQJDOOUHDVRQDEOHWKUHHKLWFRPELQDWLRQV $ VHDUFK
UHJLRQDURXQGWKLVSDUDERODLVGHILQHG ZKHUHPRUHKLWVDUHDGGHGWRWKHWUDFN ,QWKHQH[W
VWHS WKHKLWVIURPWKHVWHUHROD\HUVDUHDGGHGWRWKHWUDFNFDQGLGDWH $VWUDFNVFDQWUDYHUVH
ERWK,7 DQG27DVSHFLDOSURFHGXUHKDVWREHDSSOLHGWRILQGWKHVHWUDFNV
'RZQVWUHDPWUDFNLQJ 'RZQVWUHDPWUDFNVKDYHKLWVLQWKH77 DQGWKH7VWDWLRQV 7KH
SDWWHUQUHFRJQLWLRQ >@LVVLPLODUWRWKHIRUZDUGWUDFNLQJ H[FHSWWKDWD7VWDWLRQWUDFNLV
H[WUDSRODWHGWKURXJKWKHPDJQHWLQWRWKH77ZKHUHFRUUHVSRQGLQJKLWVDUHVHOHFWHGXVLQJ
D+RXJKWUDQVIRUPDQGDGGHGWRWKHWUDFN 7KLVWDVNLVVRPHZKDWGLIILFXOWDVWKHIRXU
OD\HUVRI WKH77 GRQ·WOHDYHPXFKURRPIRUUHGXQGDQF\
8SVWUHDPWUDFNLQJ 7RIRUPXSVWUHDPWUDFNV 9(/2 WUDFNVDUHH[WUDSRODWHGLQWRWKH
77 ZKHUHKLWVDUHVHOHFWHGDQGDGGHGVLPLODUO\WRWKHSURFHGXUHLQWKHGRZQVWUHDPWUDFNLQJ
>@ 2QHPDLQGLIIHUHQFHLVWKHSUHVHQFHRI DVPDOOPDJQHWLFILHOGEHWZHHQWKH9(/2 DQG
WKH77 ZKLFKPDNHVWKHPRPHQWXPHVWLPDWHPRUHGLIILFXOW
1RWHWKDWDQHDUOLHULPSOHPHQWDWLRQRI WKHPDWFKLQJDOJRULWKPFDOOHG©7UDFN0DWFKLQJª ZKHUHWKHQDPH
UHIHUVKHUHWRWKHQDPHRI WKHDOJRULWKPDQGQRWWKHPHWKRGXVHG.DOPDQILWWHG7VWDWLRQWUDFNVH[WUDS
RODWHGWR] PP ZKHUHWKH\JRWPDWFKHGZLWKOLQHDUO\H[WUDSRODWHG9(/2WUDFNV $ ©PDWFKLQJχ2ª
ZDVXVHGDVDTXDOLW\PHDVXUH :KLOHKDYLQJDVLPLODUSHUIRUPDQFHLQWHUPVRI ILQGLQJWKHULJKWWUDFNV LW
ZDVPXFKVORZHUGXHWRWKH.DOPDQILOWHUVWHSDQGZDVQRWXVHGDQ\PRUHLQWKHGDWDWDNLQJ 7KH
DOJRULWKPZKLFKZDVXVHGLQWKHGDWDWDNLQJLVFDOOHG©3DW0DWFKª
  
9b;b:b $)' /-& . ' /$*)
$VWKHUHDUHWZRLQGHSHQGHQWDOJRULWKPVWRUHFRQVWUXFWORQJWUDFNVDQGVHYHUDOWUDFNW\SHV
IRUPDVXEVHWRI RWKHUW\SHVHJ GRZQVWUHDPWUDFNVDUHHVVHQWLDOO\VKRUWHQHGORQJWUDFNV
DPHFKDQLVPPXVWEHLQSODFHWRGLVHQWDQJOHWKHP 2QWKHRQHKDQGWKLVLVGRQHE\RQO\
XVLQJKLWVZKLFKKDYHQRWEHHQXVHGLQDSUHYLRXVVWDJHRI WKHWUDFNUHFRQVWUXFWLRQ HJ
RQO\9(/2 WUDFNVWKDWFRXOGQRWEHPDGHLQWRORQJWUDFNVDUHXVHGIRUXSVWUHDPWUDFNV
2QWKHRWKHUKDQG ERWK)RUZDUG7UDFNLQJDQG7UDFN0DWFKLQJUHFRQVWUXFWORQJWUDFNV
)RUWKLVSXUSRVHD©&ORQH.LOOHUª >@LVLQSODFH 7KLVLVDQDOJRULWKPZKLFKFRPSDUHVWZR
WUDFNVEDVHGRQWKHQXPEHURI PHDVXUHPHQWV ,I WKH\VKDUHPDQ\KLWV WKHWUDFNZLWKWKH
VPDOOHUDPRXQWRI DVVRFLDWHGKLWVLVGLVFDUGHG
9b<b $)"  #$/. /* '*)" /-&.
,QERWKORQJWUDFNILQGLQJDOJRULWKPV 77 KLWVDUHRQO\DGGHGDIWHUD9(/2 7VWDWLRQWUDFN
KDVEHHQIRUPHG 2ULJLQDOO\WKHUHZHUHWZRDOJRULWKPVWRDGG77 KLWV ©3DW$GG77&RRUGª
IRUWKH)RUZDUG7UDFNLQJDQG©$GG77&OXVWHU7RROªIRUWKH7UDFN0DWFKLQJ )RUWKH
DQGGDWDWDNLQJ©3DW$GG77&RRUGªZDVXVHGH[FOXVLYHO\ 7KHRULJLQDODOJRULWKPLV
GHVFULEHGLQ5HI >@ZLWKDPRUHGHWDLOHGGHVFULSWLRQJLYHQEHORZ 7KHH[DFWIRUPRI
WKHSDUDPHWULVDWLRQVZLOOEHH[SODLQHGLQ6HFW 
9b<b7b #  #$/ $)" '"*-$/#(
7KHDOJRULWKP©3DW$GG77&RRUGªFRQVLVWVRI DVHULHVRI VHOHFWLRQFXWVDQGFOXVWHULQJSURMHFWLRQ
SURFHGXUHV 7KHPRVWLPSRUWDQWGHSHQGHQFHRI WKHVHFXWVLVWKHPRPHQWXP DVWKHSUH
FLVLRQRI WKHSUHGLFWHGSRVLWLRQODUJHO\GHSHQGVRQWKLVTXDQWLW\ 7KLVVWHPVIURPWKHIDFW
WKDWPXOWLSOHVFDWWHULQJGHFUHDVHVZLWKLQFUHDVLQJPRPHQWXPDVVHHQLQ(T 
7KHIROORZLQJVWHSVDUHH[HFXWHGIRUHYHU\9(/27 VWDWLRQWUDFNLQWKHHYHQW
y FRPSDWLELOLW\ ,QDILUVWVWHSDOOKLWVLQWKH77 LQDJLYHQHYHQWDUHFRQVLGHUHG )RU
HYHU\SRVVLEOHKLW WKHWUDFNVWDWHFORVHVWWRWKHPLGGOHRI 77 LVWKHQH[WUDSRODWHGOLQHDUO\
LQWKH yFRRUGLQDWHWRWKH zSRVLWLRQRI WKHKLWWRHVWLPDWHWKHSUHGLFWHG ySRVLWLRQLQWKH
PHDVXUHPHQWSODQH 7KHKLWKDVWRIXOILOOWKHIROORZLQJHTXDWLRQ
|ySUHG − 1
2
(yEHJ + yend)| < 1
2
(yEHJ − yHQG) + vhQH, 
ZKHUH ySUHG GHQRWHVWKHSUHGLFWHG ySRVLWLRQDWWKH zSRVLWLRQRI WKHKLWDQG yEHJ DQG yHQG DUH
WKH ySRVLWLRQVRI WKHEHJLQQLQJDQGHQGRI DVLOLFRQVWULSDQG vhQH LVDWROHUDQFHSDUDPHWHU
$V77 LVDVWULSWUDFNHU DKLWFDQEHVHHQDVDOLQHZLWKDVWDUWDQGHQGSRLQW 7KHHTXDWLRQ
HQVXUHVWKDWRQO\KLWVFRPSDWLEOHZLWKWKH ySRVLWLRQRI WKHSUHGLFWHGVWDWHZLWKLQDJLYHQ
WROHUDQFHDUHFRQVLGHUHGIXUWKHU
7KHDOJRULWKP©$GG77&OXVWHU7RROªLVGHVFULEHGLQ5HIV >@DQG >@
  
SURMHFWLRQSRLQW
PVSODQH PDJQHWLFOHQV SURMHFWLRQSODQH
77D 77E z
x
SUHGLFWHGIOLJKWSDWK
UHDOIOLJKWSDWKFOXVWHUHGKLWV
)LJXUH  6FKHPHRI WKHWUDFNH[WUDSRODWLRQLQWKH xzSODQHLQ777KHSUHGLFWHGIOLJKW
SDWK EOXHGDVKHG OLQHKDVDNLQN LQ WKHPDJQHWLF OHQV WR WDNH WKHEHQGLQJ
RI WKHWUDFNLQWRDFFRXQW 7KH UHDO IOLJKWSDWK EOXH VROLG OLQH LQ DGGLWLRQ
WRLWVEHQGLQJ KDVDQDGGLWLRQDONLQNGXHWRPXOWLSOHVFDWWHULQJ©PVSODQHª
7KHKLWVDUHSURMHFWHGLQWRDSODQHEHWZHHQ77DDQG77E©SURMHFWLRQSODQHª
ZLWKDIL[HGYDQLVKLQJSRLQW©SURMHFWLRQSRLQWªWRWDNHWKLVLQWRDFFRXQW 7KH
SURMHFWHGKLWVEHORQJLQJWRWKHUHDOIOLJKWWKHQFOXVWHUDWDFHUWDLQGLVWDQFHIURP
WKHSUHGLFWHGIOLJKWSDWKLQWKHSURMHFWLRQSODQH ZKLOHRWKHUKLWVZLOOEHPRUH
UDQGRPO\GLVWULEXWHG
  
xFRRUGLQDWHSUHGLFWLRQ 1RZDOVRWKH xSRVLWLRQLVSUHGLFWHGLQ77)RUWKLV WKHVWDWH
FORVHVWWRWKHPLGGOHRI 77 LVH[WUDSRODWHGWRWKH zSRVLWLRQRI WKHKLWXVLQJDVLPSOLILHG
PRGHOIRUWKHPDJQHWLFILHOG $VRQO\DVWUD\ILHOGLVSUHVHQW DQ©HIIHFWLYHªPDJQHWLFSODQH
FDQEHGHILQHGXVLQJWKHVDPHRSWLFDOPRGHODVLQWKH)RUZDUG7UDFNLQJ 7KHWUDMHFWRU\RI
WKHSDUWLFOHFDQWKHQDJDLQEHDSSUR[LPDWHGZLWKWZRVWUDLJKWOLQHVZKLFKKDYHDNLQNDW
WKHPDJQHWLFSODQHDVVKRZQLQ)LJ  7KLV\LHOGVWKHIROORZLQJSUHGLFWLRQ
xSUHG = xVWDWHLQ9(/2 +(zKLW− zVWDWHLQ9(/2) · GxGz |9(/2 + iiS` ·
q
p
· (zKLW− zPDJ ILHOG), 
ZKHUH iiS` LVDVORSHSDUDPHWHUZKLFKKDVWREHWXQHGLQVLPXODWLRQDQG GxGz |9(/2 LVWKH
xVORSHRI WKHWUDFNLQWKH9(/2
7KHKLWLQTXHVWLRQKDVWRIXOILOO |xSUHG − xKLW| < thQH ZKHUH thQH LVDWROHUDQFHSDUDPHWHU
ZKLFKGHSHQGVRQWKHPRPHQWXPRI WKHSDUWLFOH xKLW LVWKH xSRVLWLRQRI WKHKLWDQGLV
WKH xSRVLWLRQLQWKHPLGGOHRI WKHVWULSLQFDVHWKHKLWLVIURPDVWHUHROD\HU
,I WKHUHDUH OHVVWKDQWKUHHKLWVIXOILOOLQJWKLVFRQGLWLRQ WKH\ZLOOQRWEHDGGHGDQG WKH
ORQJWUDFNZLOOQRWKDYH77 KLWVDVVRFLDWHGWRLW ,I WKHUHDUHWKUHHRUPRUHKLWV WKH\DUH
SURFHVVHGIXUWKHU
3URMHFWLRQ xSUHG DQG xKLW DUHWKHQSURMHFWHGRQWRDSODQHEHWZHHQ77DDQG77EWRWDNH
SRVVLEOHPXOWLSOHVFDWWHULQJLQWRDFFRXQW 7KHYDQLVKLQJSRLQWRI WKHSURMHFWLRQLVFDOOHG
©SURMHFWLRQSRLQWª ,WUHSURGXFHVWKHHIIHFWRI DVFDWWHULQJSODQHIRUSDUWLFOHVEHWZHHQWKH
9(/2 DQG77VHH)LJ  1RWHWKDWWKHSRVLWLRQRI WKHSURMHFWLRQSRLQWLVQRWHTXDOWR
WKHSRVLWLRQRI WKHPXOWLSOHVFDWWHULQJSODQHDVWKHIOLJKWSDWKVRI SDUWLFOHVDUHEHQW 7KH
LGHDLVWKDWKLWVEHORQJLQJWRWKHWUDFNZLOOFOXVWHUDWDFHUWDLQGLVWDQFHIURPWKHSUHGLFWHG
SRVLWLRQLQWKHSURMHFWLRQSODQHZKLOHRWKHUKLWVZLOOKDYHDPRUHUDQGRPGLVWULEXWLRQ 7KH
IRUPXODIRUWKHSURMHFWLRQLV
xKLW SUHG SURM = xKLW SUHG · z77 SURM SODQH − zSURM SRLQW
zKLW SUHG − zSURM SRLQW 
⇒ SURM = xSUHG SURM − xKLW SURM, 
ZKHUHWKHGLIIHUHQFHEHWZHHQWKHSURMHFWLRQVRI WKHKLWSRVLWLRQDQGWKHSUHGLFWHGSRVLWLRQ
LVMXVWFDOOHG©SURMHFWLRQªIRUVLPSOLFLW\
)RUPLQJJURXSV 7KHKLWVDUHQRZJURXSHGWRJHWKHU 7KHILUVWJURXSVWDUWVZLWKWKHKLW
ZKLFKKDVWKHVPDOOHVWSURMHFWLRQ )XUWKHUKLWVDUHDGGHGDVORQJDVWKH\IXOILOOWKHHTXDWLRQ
SURMKLW − SURMILUVWKLW <
√
KDtS`QD2 ·
(
1− SURMILUVWKLWKBMtS`QD
)2
, 
  
3URMHFWLRQSODQH
 JURXS
 JURXS  JURXS

xKLWSURM − xSUHGSURM
)LJXUH  6FKHPHRI KRZWKHGLVWDQFHEHWZHHQWKHSURMHFWHGKLWSRVLWLRQDQGWKHSUR
MHFWHGSUHGLFWHGSRVLWLRQLVXVHGWRJURXSKLWVWRJHWKHU
ZKLFK IRUPV DQ HOOLSVH LQ WKH SDUDPHWHU VSDFH VSDQQHGE\ SURMODVWKLW − SURMILUVWKLW DQG
SURMILUVWKLW 7KLVLVVKRZQLQ)LJ  KDtS`QD DQG KBMtS`QD DUHWKHPDMRUDQGPLQRU
D[LVRI WKHHOOLSVHUHVSHFWLYHO\ 7KHVHFRQGJURXSWKHQVWDUWVZLWKWKHKLWZKLFKKDVWKH
VHFRQGVPDOOHVWSURMHFWLRQDQGIRUPVDJURXSZLWKIXUWKHUKLWVZKLFKIXOILOO(T  6HH
)LJ  IRUDQLOOXVWUDWLRQRI WKLVJURXSLQJ 7KLVSURFHGXUHLVUHSHDWHGXQWLOQRIXUWKHU
JURXSVFDQEHIRUPHG (DFKRI WKHVHJURXSVKDVWRFRQWDLQDWOHDVWWKUHHKLWVLQDWOHDVW
WKUHHGLIIHUHQWSODQHVLQ77
)LWWLQJ $ χ2 ILWLVWKHQSHUIRUPHGIRUHDFKJURXS 7KHSDUDPHWULVDWLRQLQ x DQG y LVDV
IROORZV
x(z) = Q77b2it + bHQT2 · (zKLW − z77 SURM SODQH) 
y(z) = Q77b2iv, 
ZLWK Q77b2it, bHQT2 DQG Q77b2iv DV WKH ILW SDUDPHWHUV 7KLV LV D FRPSURPLVH DV LQ
SULQFLSOHWKH yFRRUGLQDWHZRXOGDOVRKDYHWREHILWWHGZLWKDVWUDLJKWOLQH +RZHYHU DVWKH
yFRRUGLQDWHFDQQRWEHPHDVXUHGSUHFLVHO\LQ77WKLVLQIRUPDWLRQFDQQRWEHLQFOXGHGLQ
WKHWUDFNILW 7KHWKUHHSDUDPHWHUVDUHGHWHUPLQHGPLQLPLVLQJWKH χ2/QGRI ZKLFKFDQEH
GHULYHGDVIROORZV
χ2/QGRI = r2B;?i · (Q77b2i2t + Q77b2i2v + 
(bHQT2 · (z77 SURM SODQH − zSURM SRLQW))2)
+
∑
i∈KLWV
wi · GLVW2i
nKLWV
ZLWK GLVWi = SURMi − Q77b2it − bHQT2 · (zi − z77 SURM SODQH) 
−Q77b2iv · VLQ θ.
QGRI VWDQGVIRU©QXPEHURI GHJUHHVRI IUHHGRPªLQWKHILW
  
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momentum [MeV/c]
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E
)LJXUH  yGLII DVGHILQHGLQ(T  DVDIXQFWLRQRI WKHPRPHQWXP 3ORWWHGLQDIRU
DOOWUXHKLWVRQDWUDFN LQEIRUDOOIDNHKLWVRQDWUDFN 7KHUHGVROLGOLQHV
YLVXDOLVHWKHFXWDSSOLHG
r2B;?i LVDZHLJKWLQJIDFWRUVHWWRDFRQVWDQW wi LVWKHZHLJKWIRUDQLQGLYLGXDOKLWDQG
θ LVWKHVWHUHRDQJOHRI WKH77 OD\HU 7KHILUVWSDUWRI WKHH[SUHVVLRQSUREHVWKHGHYLDWLRQ
IURPWKHH[WUDSRODWHG9(/27 VWDWLRQWUDFNZKLOHWKHVHFRQGSDUWLVDPHDVXUHRI KRZ
ZHOOWKHKLWVDJUHHZLWKDVWUDLJKWOLQH 1RWHWKDWWKHILWLVGRQHLQSURMHFWHGGLVWDQFHVLQ
x 7KHUHIRUH QRDEVROXWHGLVWDQFHVEXWRQO\GHYLDWLRQVIURPWKHSUHGLFWHGIOLJKWSDWKDUH
ILWWHG
,I WKH χ2/QGRI RI WKHILWLVODUJHUWKDQDJLYHQFXWYDOXH KLWVZKLFKJLYHWKHODUJHVWFRQWUL
EXWLRQWRWKH χ2/QGRI DQGDUHLQDOD\HUZLWKDWOHDVWWZRKLWVDUHVXEVHTXHQWO\UHPRYHG
XQWLORQO\WKUHHKLWVDUHOHIWRUWKH χ2/QGRI KDVGURSSHGEHORZWKHFXWYDOXH 7KLVSURFH
GXUHLVUHSHDWHGIRUHYHU\JURXSRI KLWV ZKHUHWKHILQDOJURXSLVWKHRQHZLWKWKHVPDOOHVW
χ2/QGRI EXWWKHODUJHVWQXPEHURI KLWV
9b<b8b 0)$)" *! +-( / -.
0DJQHWLFILHOGSDUDPHWHUV 7KHH[WUDSRODWLRQEHWZHHQ9(/2 DQG77 KDVWZRSDUDP
HWHUVWKDWFDQEHWXQHG WKH zSRVLWLRQRI WKHPDJQHWLFSODQHDQG iiS` DVORSHSDUDPH
WHU &DOFXODWLQJWKHDEVROXWHGLVWDQFHRI WKH xFRRUGLQDWHVRI WKHSUHGLFWHGKLWSRVLWLRQV
EHWZHHQDIXOOILHOGH[WUDSRODWLRQDQGWKHVLPSOLILHGH[WUDSRODWLRQDVZULWWHQLQ(T 
IRUHYHU\WUXH KLW DJULGVHDUFKLH VFDQQLQJERWKSDUDPHWHUVVLPXOWDQHRXVO\ZDVSHU
IRUPHG 7KHSDLURI SDUDPHWHUVWKDW\LHOGVWKHOHDVWGLVWDQFHZDVWKHQFKRVHQ
$ VHOHFWHGJURXSRI KLWVLVUHSODFHGE\DQHZRQHLI WKHQHZJURXSKDVDVPDOOHU χ2/QGRI DQGDWOHDVWDV
PDQ\KLWVDVWKHSUHYLRXVRQH
©WUXHªLQWKLVFRQWH[WPHDQVWKDWLWFRXOGEHDVVRFLDWHGWRDVLPXODWHGSDUWLFOH
 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)LJXUH  xGLII DVGHILQHGLQ(T  DVDIXQFWLRQRI WKHPRPHQWXPIRUDOOWUXHKLWVRQD
WUDFNDDQGIRUDOOIDNHKLWVRQDWUDFNE 7KHUHGVROLGOLQHVLOOXVWUDWHV thQH
WKHFXWDSSOLHGWRWKHKLWV 7KHUHJLRQDERYHWKHOLQHLVUHMHFWHG
\7ROHUDQFH 7RRSWLPLVHWKHWROHUDQFHLQ y WKHGLVWULEXWLRQ
yGLII = |ySUHG − 1
2
(yEHJ + yHQG)|− 1
2
(yEHJ − yHQG) 
ZDVGUDZQDVDIXQFWLRQRI WKHPRPHQWXPDQGWKHIXQFWLRQDOIRUPRI WKHFXWYDOXHZDV
FKRVHQE\H\H VHH)LJ 
3URMHFWLRQSRLQW ,I WKHSURMHFWLRQSRLQWLVFKRVHQFRUUHFWO\ DOOWKHKLWVRI DWUDFNVKRXOG
KDYHWKHVDPHSURMHFWLRQDVVXPLQJDOO WUDFNVVFDWWHUDW WKHVDPHSRLQW ,W LV WKHUHIRUH
UHDVRQDEOHWRFKRRVHWKH zFRRUGLQDWHRI WKLVSRLQWVXFKWKDWWKHGLIIHUHQFHRI WKHVXPRI
DOOSURMHFWLRQVLQ77DDQGWKHVXPRI DOOSURMHFWLRQVLQ77ELVDVVPDOODVSRVVLEOH $ ZURQJ
SURMHFWLRQSRLQWZRXOGOHDGWRWRRODUJHSURMHFWLRQVLQ77DDQGWRRVPDOOSURMHFWLRQVLQ
77ERUYLFHYHUVD 7KHUHIRUHWKHIROORZLQJTXDQWLW\ZDVPLQLPLVHG
s =
∑
i∈WUXHKLWV
∣∣∣∣∣ SURM OD\HUinKLWVLQ OD\HU
∣∣∣∣∣+
∣∣∣∣∣ SURM OD\HUinKLWVLQ OD\HU
∣∣∣∣∣−
∣∣∣∣∣ SURM OD\HUinKLWVLQ OD\HU
∣∣∣∣∣−
∣∣∣∣∣ SURM OD\HUinKLWVLQ OD\HU
∣∣∣∣∣ , 
DQGWKHFRUUHVSRQGLQJYDOXHIRUWKHSURMHFWLRQSRLQWZDVXVHG
[7ROHUDQFH 7KHIXQFWLRQDOIRUPRI thQH ZDVFKRVHQE\SORWWLQJ
xGLII =
∣∣xSUHG − xi∣∣ 
IRUWUXHDQGIDNHKLWV VHH)LJ 
  
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)LJXUH  SURMODVWKLW − SURMILUVWKLW DVDIXQFWLRQRI SURMILUVWKLW 3ORWWHGLQDIRUDOOWUXHKLWV
RQWUDFN LQEIRUDOOIDNHKLWVRQDWUDFN 7KHUHGVROLGOLQHVYLVXDOLVHWKHFXW
DSSOLHG
3URMHFWLRQ:LQGRZ 7RSDUDPHWULVHWKHSURMHFWLRQZLQGRZ WKHILUVWLH VPDOOHVWDQG
ODVWLH ODUJHVWSURMHFWLRQRI DOOWUXHDQGIDNHKLWVRQDWUDFNZDVFDOFXODWHGDQGSORWWHGZLWK
UHVSHFWWRWKHILUVWSURMHFWLRQ $QHOOLSVRLGDOIRUPZDVFKRVHQWREHWKHPRVWDSSURSULDWH
SDUDPHWULVDWLRQIRUWKHXSSHUFXWYDOXH T`QDKt VHH)LJ 
)LW7ROHUDQFHV 7RGHWHUPLQHWKHOLPLWYDOXHIRU χ2/QGRI FDOOHG χ2#2bi WKH χ2/QGRI GLV
WULEXWLRQZDVSORWWHGDVIXQFWLRQRI WKHPRPHQWXPIRUDOOWUXHKLWVIRUDJLYHQWUDFN VHH
)LJ 
$OOWKHSDUDPHWULVDWLRQVDUHVXPPDULVHGLQ7DEOH 
1RWHRQWKHGHWHUPLQHGSDUDPHWHUV 7KHSURFHGXUHGHVFULEHGLQWKHODVWSDJHVOHDGVWR
DILUVWHVWLPDWHIRUWKHEHVWSDUDPHWHUVRI WKHDOJRULWKP +RZHYHU LQWKHHQGDILQHWXQLQJ
E\KDQGZDVSHUIRUPHG $OWKRXJKDVLQJOHFXWLVZHOOGHILQHG LWLVGLIILFXOWWRSUHFLVHO\
IRUHVHHWKHHIIHFWRI DFXW LQ IRU H[DPSOH x WROHUDQFHRQ WKH ILW WROHUDQFH LQ WKHHQG
,QDGGLWLRQ DVPRVWRI WKHFXWVDUHGHWHUPLQHGE\H\H DFHUWDLQDUELWUDULQHVV LVDOZD\V
LQFOXGHG )XUWKHUPRUH WKHFKRLFHRI WUDFNVZKLFKDUHPRVW©YDOXDEOHªVWURQJO\GHSHQGV
RQWKHSK\VLFVJRDOV 7KHVROXWLRQFKRVHQKHUHZDVWRDFKLHYHWKHEHVWSHUIRUPDQFHLQ
WHUPVRI RYHUDOOHIILFLHQF\DQGSXULW\VHH6HFW 
9b<b9b  -!*-() 
7KHSHUIRUPDQFHRI WKHDOJRULWKPZDVPHDVXUHGXVLQJ·VLPXODWHG B+ → J/ψK+
HYHQWV 7KHFRPSRVLWLRQRI ORQJWUDFNVPDGHZLWK)RUZDUG7UDFNLQJDQG7UDFN0DWFKLQJ
ZDVWKHVDPHDVXVHGLQWKHVWDQGDUGRXWSXWRI WKHWUDFNUHFRQVWUXFWLRQ 7ZRSHUIRUPDQFH
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)LJXUH  χ2/QGRI DVGHILQHGLQ(T  DVDIXQFWLRQRI WKHPRPHQWXP SORWWHGIRU
DOOWUXHKLWVRQDWUDFN 7KHUHGVROLGOLQHYLVXDOLVHVWKHFXWDSSOLHG
7DEOH  3DUDPHWULVDWLRQV LQ WKH 3DW$GG77&RRUG DOJRULWKP 2QO\ SDUDPHWULVDWLRQV
ZKLFKDUHDIXQFWLRQRI DQRWKHUTXDQWLW\DUHGLVSOD\HG
9DULDEOH 3DUDPHWULVDWLRQ
vhQH vhQH = vhQHaHQT2p
thQH thQH = thQHP77b2i+ thQHaHQT2p
T`QDKt T`QDKt = SURMILUVWKLW+
√
KDtS`QD2 · (1− SURM2ILUVWKLWKBMtS`QD2 )
χ2#2bi χ
2
#2bi = Kt*?BkhQH+
Kt*?BkaHQT2
p−Kt*?BkSP77b2i
LQGLFDWRUVDUHRI LQWHUHVW HIILFLHQF\DQGSXULW\ 7KHHIILFLHQF\ LQGLFDWHVKRZJRRG WKH
DOJRULWKPLVDWDGGLQJWKHKLWVZKLFKEHORQJWRWKHWUDFN 7KHSXULW\LQGLFDWHVKRZJRRG
WKHDOJRULWKPLVLQUHMHFWLQJKLWVZKLFKGRQRWEHORQJWRWKHWUDFN 7KHQRPHQFODWXUHLVDV
IROORZV KLWVWKDWFRXOGEHPDWFKHGWRDKLWFDXVHGE\WKHFRUUHVSRQGLQJVLPXODWHGSDUWLFOH
DUHFDOOHG©WUXHªKLWV KLWVWKDWZHUHFDXVHGE\DVLPXODWHGSDUWLFOHDUHFDOOHG©VLPXODWHGª
KLWV 7KHHIILFLHQF\DQGSXULW\IRUDJLYHQORQJWUDFNDUHGHILQHGDVIROORZV
HIILFLHQF\ =
RI WUXH77 KLWVDGGHGWRWKHORQJWUDFN
RI VLPXODWHG77 KLWVRQWKHORQJWUDFN

SXULW\ =
RI WUXH77 KLWVDGGHGWRWKHORQJWUDFN
RI 77 KLWVDGGHGWRWKHORQJWUDFN

$OO WUXHKLWV FRUUHVSRQG WR D VLPXODWHGKLW EXWQRW DOO VLPXODWHGKLWVKDYH D WUXH FRXQWHUSDUW GXH WR
UHFRQVWUXFWLRQLQHIILFLHQFLHV
  
7KHDYHUDJHHIILFLHQF\DQGSXULW\QXPEHUVIRUDOOORQJWUDFNVDQGIRUORQJWUDFNVZLWKDWOHDVW
WKUHHVLPXODWHGKLWVDUHVKRZQLQ7DEOH  7KH\DUHGUDZQDVDIXQFWLRQRI WKHPRPHQWXP
LQ)LJ  7KHHIILFLHQF\GURSVDVDIXQFWLRQRI WKHPRPHQWXPLI QRFRQGLWLRQRQWKH
QXPEHURI VLPXODWHG77 KLWVLVDSSOLHG 7KLVLVPRVWO\DQDFFHSWDQFHHIIHFWDV77 GRHVQRW
FRYHUWKHKLJKHVWUHJLRQVLQSVHXGRUDSLGLW\ 7KHHIIHFWYDQLVKHVLI DWOHDVWWKUHHVLPXODWHG
KLWVDUHUHTXLUHG 7KHUHPDLQLQJLQHIILFLHQF\LVODUJHO\GXHWRLQHIILFLHQFLHVLQWKHSDWWHUQ
UHFRJQLWLRQ
7DEOH  2YHUDOO HIILFLHQF\ DQGSXULW\ IRU WKH3DW$GG77&RRUG DOJRULWKP IRU DOO ORQJ
WUDFNVDQGIRUORQJWUDFNVZKLFKKDYHDWOHDVWWKUHHVLPXODWHGKLWVLQ777KH
QXPEHUVZHUHREWDLQHGIURPDVDPSOHRI ·VLPXODWHG B+ → J/ψK+
HYHQWV
DOOORQJWUDFNV ORQJWUDFNV ≥ VLP 77 KLWV
(IILFLHQF\  
3XULW\  
9b<b:b  #$/ (+.
7RYLVXDOLVHKRZ77 KLWVDUHDGGHGWRORQJWUDFNV 77 KLWPDSVIRUDOOIRXU OD\HUVZHUH
FUHDWHGZLWKDVDPSOHRI GDWDWDNHQLQZLWKPDJQHWLFILHOGYHFWRURI WKHGLSROHPDJQHW
SRLQWLQJGRZQZDUGV 7KH\DUHVKRZQLQ)LJ  DQGUHYHDOWKHLQWHUQDOVWUXFWXUHRI WKH
77 ZLWKRYHUODSUHJLRQVDQGJDSV 1RWHWKDWWKHVHSORWVPDLQO\VKRZHIILFLHQFLHVWKDWVWHP
IURPJHRPHWULFDOSURSHUWLHVRI 77 ZKHUHWKHKLWDGGLQJHIILFLHQF\GXHWRWKHSHUIRUPDQFH
RI WKHSDWWHUQUHFRJQLWLRQLVQRWWKHGRPLQDQWFRQWULEXWLRQ 7RDYRLGKDYLQJJKRVWWUDFNV
RQO\ J/ψ→ µ+µ− GHFD\V ZKHUHWKHLQYDULDQWPDVVRI ERWKPXRQVLVLQVLGHD0H9/c2
ZLQGRZRI WKHQRPLQDO J/ψ PDVV ZHUHFRQVLGHUHG
77 ZDVVSOLW LQWRIRXU OD\HUVRQO\IRU WKHVHSORWV 1RGLVWLQFWLRQZDVPDGHEHWZHHQWKH LQGLYLGXDO z
SRVLWLRQRI WKHPRGXOHVZLWKLQRQHOD\HU
1RWHWKDWWKHVHSORWVRQO\FRPSULVHWUDFNVPDGHZLWKWKH)RUZDUG7UDFNLQJDVWKHH[WUDSRODWLRQIURP
9(/2 WR77 LQWKH7UDFN0DWFKLQJFRQWDLQHGDEXJIRUWKHGDWDWDNLQJSHULRG
  
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)LJXUH  (IILFLHQF\DQGSXULW\RI DGGLQJD77 KLWWRDORQJWUDFNDVDIXQFWLRQRI WKH
PRPHQWXP GHULYHGIURPDVLPXODWLRQRI · B+ → J/ψK+ HYHQWV D
DQG F DUH WKHHIILFLHQF\DQGSXULW\ZLWKQR UHVWULFWLRQRQ WKHQXPEHURI
VLPXODWHG77 KLWV EDQGGUHTXLUHDWOHDVWWKUHHVLPXODWHG77 KLWV
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)LJXUH  $YHUDJHQXPEHURI 77 KLWV DGGHG WR ORQJ WUDFNV LQ D 77D; E 77D8
F77E9G77E; LQD J/ψ → µ+µ− VDPSOHIURPWKHGDWDWDNLQJ
ZLWKGRZQZDUGVPDJQHWLFILHOG &OHDUO\YLVLEOHDUHWKHRYHUODSUHJLRQVZLWK
DKLJKHUDYHUDJHDQGVRPHGHDGFKDQQHOVZLWKDORZHUDYHUDJH
  

:b -&$)"  !!$$ )4 $) 	
,QWKHSUHYLRXVFKDSWHULWZDVVKRZQKRZKLWVDUHEXQGOHGWRJHWKHUDQGWKXVWUDFNVDUH
IRUPHG ,WLVLQWKHQDWXUHRI WKHSURFHGXUHWKDWWKLV©WUDFNILQGLQJªLVQRWIXOO\HIILFLHQW
PHDQLQJWKDWQRWDOOIOLJKWSDWKVRI SDUWLFOHVWUDYHUVLQJWKH/+&EGHWHFWRUFDQEHUHFRQ
VWUXFWHG 7KHNQRZOHGJHRI WKLVWUDFNUHFRQVWUXFWLRQHIILFLHQF\RU©WUDFNLQJHIILFLHQF\ª
KRZHYHULVLPSRUWDQWIRUHYHU\SK\VLFVDQDO\VLVWKDWQHHGVWRFRPSXWHWKHEUDQFKLQJIUDF
WLRQ FURVVVHFWLRQRUUHFRQVWUXFWLRQHIILFLHQF\RI DGHFD\ ,Q WKLVFKDSWHU WKH WUDFNLQJ
HIILFLHQF\IRUORQJWUDFNVLVH[SORUHGLQGHSWK $ QRYHOPHWKRGLVSUHVHQWHGKRZLWFDQEH
GHWHUPLQHGIURPFROOLVLRQGDWDXVLQJWKHPXRQV\VWHPDQGWKH77DQGKRZLWFDQEHDS
SOLHGIRUGLIIHUHQWPRPHQWXPUHJLPHV 7KHPHWKRGLVWKHQFRPSDUHGZLWKDQDOWHUQDWLYH
RQH XVLQJDQDSSURDFKZKLFKFRPELQHVWKHWUDFNLQJHIILFLHQF\PHDVXUHGLQWKH9(/2 DQG
WKH7 VWDWLRQV
7KHWDVNRI GHWHUPLQLQJWKHWUDFNLQJHIILFLHQF\LVQRVWDQGDUGSURFHGXUHDQGGHSHQGVYHU\
PXFKRQWKHW\SHRI WKHGHWHFWRU LQTXHVWLRQ 7KHGHVFULSWLRQJLYHQ LQ WKLVFKDSWHU LV
WKHUHIRUHUDWKHUWHFKQLFDODQGWULHVWRFRYHUDOOSRVVLEOHHIIHFWVDQGLGLRV\QFUDVLHVRI WKH
WHFKQLTXHZKLFKZDVGHYHORSHGIRU/+&E
:b7b ++-*# . /* ( .0- /# /-&$)"  !!$$ )4
6HYHUDOZD\VH[LVWWRFRPSXWHWKHWUDFNLQJHIILFLHQF\ WKHVLPSOHVWLVWRFRQVLGHUVLPXODWHG
HYHQWV ZKHUHWKHUDWLRRI UHFRQVWUXFWHGSDUWLFOHVRYHUDOOSDUWLFOHVWUDYHUVLQJWKHGHWHFWRU
FDQEHFRPSXWHG +RZHYHULWLVDSULRULQRWNQRZQKRZZHOOVLPXODWLRQDQGFROOLVLRQGDWD
DJUHH $ IXUWKHUPHWKRGLVWRPHDVXUHUDWLRVRI ZHOONQRZQEUDQFKLQJIUDFWLRQV VXFKDV
D0→ K−pi+pi−pi+ DQG D0→ K−pi+ 7KHGLIIHUHQW\LHOGVRI WKHVHWZRGHFD\VWKHQRQO\
VWHPIURPWKHGLIIHUHQWEUDQFKLQJIUDFWLRQVDQGWKHUHFRQVWUXFWLRQHIILFLHQF\IRUWKHWZR
DGGLWLRQDOSLRQV 7KHUHFRQVWUXFWLRQHIILFLHQF\FRPSULVHVRQWKHRQHKDQGWKHHIILFLHQF\
IRUDSDUWLFOHWRUHDFKDOOWKHUHOHYDQWWUDFNLQJVWDWLRQVDQGRQWKHRWKHUKDQGWKHHIILFLHQF\
RI WKHIOLJKWSDWKWREHUHFRQVWUXFWHGDVDWUDFN )RUDQDSSOLFDWLRQRI WKLVPHWKRGVHH
5HI >@
$QRWKHUPHWKRGLVWRPHDVXUHWKHWUDFNLQJHIILFLHQF\LQDGLUHFWZD\ 7KLVFDQEHDFFRP
SOLVKHGE\FKHFNLQJIRUWKHSUHVHQFHRI DWUDFNXVLQJDVXEGHWHFWRUZKLFKZDVQRWXVHGLQ
WKHVWDQGDUGWUDFNILQGLQJSURFHGXUH HJ WKHPXRQV\VWHP $OWHUQDWLYHO\ WKHHIILFLHQF\IRU
DJLYHQVXEGHWHFWRUFDQEHPHDVXUHGE\H[FOXGLQJLWIURPWKHWUDFNILQGLQJSURFHGXUHDQG
XVLQJRWKHUVXEGHWHFWRUVWRSUREHLW ,QERWKFDVHVRQHKDVWRPDNHVXUHQRJKRVWWUDFNVDUH
  
FRQVLGHUHG 7KLVFDQ IRUH[DPSOH EHDFKLHYHGE\VHOHFWLQJUHVRQDQFHVZLWKDODUJHEUDQFK
LQJIUDFWLRQWRWZRSURQJGHFD\V ZKHUHRQHWUDFNLVIXOO\UHFRQVWUXFWHG©WDJWUDFNª ZKLOH
WKHRWKHURQO\SDUWLDOO\©SUREHWUDFNª 2QHWKHQKDVWRPDNHVXUHWKDWWKHSDUWLDOO\UH
FRQVWUXFWHGWUDFNFRPSULVHVHQRXJKLQIRUPDWLRQWRDOORZVHOHFWLQJWKHUHVRQDQFHFOHDQO\
HQRXJKE\FRPSXWLQJWKHLQYDULDQWPDVVRI WKHFRPELQDWLRQRI WDJDQGSUREHWUDFN 7KLV
SURFHGXUHLVFRPPRQO\UHIHUUHGWRDV©WDJDQGSUREHª $QLOOXVWUDWLRQIRUWDJDQGSUREH
IRUDFRPELQDWLRQRI D ORQJ WUDFNDQGD©0XRQ77ª WUDFN VHHQH[WVHFWLRQ LVJLYHQ LQ
)LJ 
PDJQHWLFSODQH PXRQVWDWLRQV
)LJXUH  ,OOXVWUDWLRQRI WKHWDJDQGSUREHDSSURDFKWRPHDVXUHWKHWUDFNLQJHIILFLHQF\
7KHXSSHUEOXHOLQHLVDIXOO\UHFRQVWUXFWHGORQJWUDFNDQGWKHORZHUGDVKHG
OLQHDSDUWLDOO\UHFRQVWUXFWHGWUDFN0XRQ77 WUDFNWKDWVHUYHVDVDSUREHWR
FKHFNIRUWKHH[LVWHQFHRI DORQJWUDFN %RWKWUDFNVWRJHWKHUIRUPWKHGHFD\
SURGXFWVRI DUHVRQDQFH HJ D J/ψ RU Z0
7ZRPHWKRGVZHUHXVHGWRGHWHUPLQHWKHWUDFNLQJHIILFLHQF\LQWKHDQGFROOLVLRQ
GDWDLQ/+&E >@ 7KH\DUHUHIHUUHGWRDV©&RPELQHG0HWKRGª³FRQVLVWLQJRI ©9(/2
0HWKRGªDQG©7 6WDWLRQ0HWKRGª³DQG©/RQJ0HWKRGª 7KH/RQJ0HWKRGLVH[SODLQHG
LQGHWDLOLQWKHIROORZLQJSDJHV ,WXVHV J/ψ→ µ+µ− GHFD\VWRDFFHVVWKHORZPRPHQWXP
UHJLRQDQG Z0 → µ+µ− GHFD\V WRDFFHVV WKHKLJKPRPHQWXPUHJLRQ 7KH&RPELQHG
0HWKRGZDVGHYHORSHGLQGHSHQGHQWO\DQGZLOOEHGHVFULEHGLQ6HFW 
:b8b *)./-0/$*) *! 0*) /-&.
:b8b7b 0*) ./)'*) /-&.
7KHPXRQV\VWHPLQ/+&EZDVGHVLJQHGWRSURYLGHSDUWLFOHLGHQWLILFDWLRQIRUPXRQV ,W
LVEXLOWVLPLODUO\WRDWUDFNLQJGHWHFWRUDQGFDQLQSULQFLSOHEHXVHGDVVXFK ,WSURYLGHV
D GLPHQVLRQDOSRVLWLRQ IRUKLWV OHIW E\PXRQV HJ DOORZLQJWKHUHFRQVWUXFWLRQRI WKH
  
IOLJKWSDWKRI FRVPLFPXRQVIRUHIILFLHQF\VWXGLHV >@ +RZHYHU LWVFRDUVHJUDQXODULW\RI
WKHPXOWLZLUHSURSRUWLRQDOFKDPEHUVDQGWULSOH*(0 GHWHFWRUVDQGWKHODUJHDPRXQWRI
PXOWLSOHVFDWWHULQJLQGXFHGE\WKHLURQDEVRUEHUOD\HUVVLJQLILFDQWO\UHGXFHWKHPRPHQWXP
UHVROXWLRQ 'HVSLWHWKHVHVKRUWFRPLQJVWKHPXRQV\VWHPVHUYHVDVWKHVWDUWLQJSRLQWIRU
WKHIRUPDWLRQRI ©0XRQ77 WUDFNVªZKLFKZLOOEHXVHGLQWKH/RQJ0HWKRG
:b8b8b *-(/$*) *! (0*) ./)'*) /-&.
'LIIHUHQWDOJRULWKPVH[LVWWRIRUPPXRQVWDQGDORQHWUDFNV GXHWRWKHVLPSOHJHRPHWU\
RI WKHPXRQV\VWHPDQGWKHODFNRI DPDJQHWLFILHOGWKH\DOOKDYHDVLPLODUVWUXFWXUH 7KH
DOJRULWKPXVHGIRUWKHZRUNSUHVHQWHGLQWKLVWKHVLVZDVGHYHORSHGIRUWKHUHFRQVWUXFWLRQRI
FRVPLFPXRQVDQGWKHPRQLWRULQJRI WKHSHUIRUPDQFHRI WKHPXRQVWDWLRQV 7ZRIODYRXUV
RI WKLVDOJRULWKPH[LVW 2QHSHUIRUPLQJDSDWWHUQUHFRJQLWLRQXVLQJDQHXUDOQHWZRUN >@
DQGRQHXVLQJDFXWEDVHGSDWWHUQUHFRJQLWLRQ 7KHILUVWLVWRRVORZWREHXVHGIRUFROOLVLRQ
GDWDZKLOHWKHVHFRQGSHUIRUPVHTXDOO\ZHOOZKLOHEHLQJVLJQLILFDQWO\IDVWHU WKLVYHUVLRQ
ZLOOEHH[SODLQHGEHORZ >@
6HHGLQJ	3DWWHUQ UHFRJQLWLRQ $ PXRQ VWDWLRQ LV FKRVHQ DV WKH VHHG VWDWLRQ 7KH
FKRLFHKDVWREHDEDODQFHEHWZHHQSXULW\LQFUHDVHVWRZDUGV0DQGHIILFLHQF\LQFUHDVHV
WRZDUGV0 $OOWKHKLWVLQWKHVHHGVWDWLRQDUHFRQVLGHUHGVWDUWLQJSRLQWVIRUVHHGV 7KH
KLWSRVLWLRQLV©H[WUDSRODWHGªXVLQJDOLQHDUIXQFWLRQ
xSS−1 = xSS · zSS−1
zSS
, 
DQG ZKHUH xSS,SS−1 DQG zSS,SS−1 DUHWKH xDQG zFRRUGLQDWHRI WKHKLWLQWKHVHHGVWD
WLRQDQGWKHVWDWLRQEHIRUHWKHVHHGVWDWLRQ UHVSHFWLYHO\ 7KHH[WUDSRODWLRQLQ y SURFHHGV
VLPLODUO\ 7KHVHHGLQJDOZD\VSURFHHGVLQWKHQHJDWLYH z GLUHFWLRQ 7KLVOLQHDUH[WUDSRODWLRQ
FRUUHVSRQGVWRDVWUDLJKWWUDFNFRPLQJIURPWKHLQWHUDFWLRQSRLQW GHILQHGDWWKHRULJLQRI
WKHFRRUGLQDWHV\VWHP 7KLVSURYLGHVDQDFFXUDWHGHVFULSWLRQLQWKH yz SODQHZKLOVWLWLV
VWULFWO\RQO\WUXHIRUWUDFNVRI LQILQLWHPRPHQWXPLQWKH xzSODQH +LWVDUHWKHQVHDUFKHG
IRULQWKHYLFLQLW\RI WKLVH[WUDSRODWHGSRVLWLRQLQVLGHDVXLWDEOHZLQGRZ ZKHUHWKHZLQGRZ
VL]HGHSHQGVRQWKHPXRQVWDWLRQLQTXHVWLRQ ,I DKLWLVIRXQG ERWKKLWVWRJHWKHUIRUPD
VHHGWUDFN ,I PRUHWKDQRQHKLWLVIRXQGLQVLGHWKHVHDUFKZLQGRZ WKHKLWFORVHVWWRWKH
H[WUDSRODWHGSRVLWLRQLVWDNHQWRIRUPDVHHGWUDFN 7KHVHHGWUDFNLVWKHQH[WUDSRODWHGLQWR
WKHQH[WVWDWLRQFORVHUWRWKHPDJQHW ZKHUHWKHH[WUDSRODWLRQLQ x LVDORQJGLUHFWLRQRI WKH
VHHGWUDFNDQGLQ y WRZDUGVWKHLQWHUDFWLRQSRLQW ,QWKLVVWDWLRQWKHKLWZKLFKLVFORVHVW
WRWKHH[WUDSRODWHGSRVLWLRQLVDJDLQDGGHG 7KLVSURFHGXUHFRQWLQXHVXQWLO0LVUHDFKHG
7KHVHDUFKWKHQVWDUWVDJDLQZLWKDQHZVHHG 1RWHWKDWKLWVLQPXRQVWDWLRQVGRZQVWUHDP
RI WKHVHHGVWDWLRQDUHQRWFRQVLGHUHGDQGWKDWQRWUDFNLVIRUPHGLI QRFRPSDWLEOHKLW
FDQEHIRXQGLQDVWDWLRQFORVHUWRWKHPDJQHWWKDQWKHVHHGVWDWLRQ
  
)LWWLQJ 7KHPXRQ WUDFNVDUH ILWWHGXVLQJD χ2 PLQLPLVDWLRQ LQ WKH xzDQG WKH yz
SURMHFWLRQWRDOOKLWVVHOHFWHGE\WKHSDWWHUQUHFRJQLWLRQ 7KHIRUPXODIRUWKLVOLQHDUWUDFN
ILWDQGLWVGHULYDWLRQDUHJLYHQLQ$SSHQGL[ $
$OWKRXJKWKHUHLVQRPDJQHWLFILHOGLQWKHPXRQV\VWHP DVWUDLJKWOLQHSDUDPHWULVDWLRQLVQRW
QHFHVVDULO\FRUUHFW DVWKHLURQDEVRUEHUVLQGXFHODUJHDPRXQWVRI PXOWLSOHVFDWWHULQJQRW
WDNHQLQWRDFFRXQWLQWKHVWUDLJKWOLQHILW 7KLVVKRUWFRPLQJLVQRWFRQVLGHUHGDQ\IXUWKHU
LQWKHFRQWH[WRI WKHWUDFNLQJHIILFLHQF\PHDVXUHPHQWSUHVHQWHGLQWKLVWKHVLV 3RVVLEOH
VROXWLRQVDUHGHVFULEHGLQ5HI >@
:b8b9b *( )/0(  ./$(/ 
$VWKHPXRQVWDWLRQVDUHIDURXWVLGHWKHPDJQHWLFILHOG QRPRPHQWXPPHDVXUHPHQWFDQ
EHPDGHXVLQJRQO\WKHPXRQWUDFNV +RZHYHU DVVXPLQJWKDWWKHPXRQWUDFNRULJLQDWHGDW
WKHLQWHUDFWLRQSRLQWDPRPHQWXPHVWLPDWHFDQEHJLYHQXVLQJWKHVDPHRSWLFDOPRGHODVLQ
WKH)RUZDUG7UDFNLQJ VHH6HFW  WKHWUDFNLQWKHPXRQV\VWHPGHILQHVWKHVORSHDQG
SRVLWLRQ ZKLOHWKHSULPDU\YHUWH[DFWVDVWKHDGGLWLRQDOSRLQWIRUWKHPRPHQWXPGHWHUPL
QDWLRQ 7KHPRPHQWXPLVFDOFXODWHGXVLQJWKHIROORZLQJIRUPXODZKLFKLVDFRQVHTXHQFH
RI WKH/RUHQW]IRUFH >@
∆0p = q ·
∫
0B × G0l 
$VWKHEHQGLQJSULPDULO\RFFXUVLQWKH xzSODQH (T  FDQEHVLPSOLILHGWR
∆px = px,f − px,i = q ·
∫
( 0B × G0l)x, 
ZKHUH px,i DQG px,f VWDQGIRUWKHPRPHQWXPFRPSRQHQW LQWKH xGLUHFWLRQEHIRUHDQG
DIWHUWUDYHUVLQJWKHPDJQHWLFILHOG UHVSHFWLYHO\ 7KHVHWZRTXDQWLWLHVFDQEHUHODWHGWRWKH
DEVROXWHPRPHQWXP
∆px = px,f − px,i = p ·
 tx,f√
1 + t2x,f + t
2
y,f
− tx,i√
1 + t2x,i + t
2
y,i
 
ZLWK tx,j =
(
dx
dz
)
j
DQG ty,j =
(
dy
dz
)
j
GHQRWLQJWKHVORSHVRI WKHWUDFN $QLOOXVWUDWLRQIRU
WKLV©SNLFNªPHWKRGLVJLYHQLQ)LJ  7KXVWKHSUREOHPLVUHGXFHGWRDFDOFXODWLRQRI
WKHLQWHJUDOLQ(T  DQGWKHVORSHRI WKHWUDFNLQWKHPXRQV\VWHPDQGDWWKHSULPDU\
YHUWH[ :KLOHWKHILUVWVORSHLVGLUHFWO\WDNHQIURPWKHPXRQWUDFN WKHODWWHULVFDOFXODWHG
E\OLQHDUO\H[WUDSRODWLQJWKHPXRQWUDFNWRWKHPDJQHWLFSODQHDQGWKHQGHWHUPLQLQJWKH
VORSHVIURPWKHGLIIHUHQFHLQWKH x yDQG zFRRUGLQDWHVWRWKHSULPDU\YHUWH[
7KHLQWHJUDOLQ(T  LVFDOFXODWHGXVLQJWKHPDJQHWLFILHOGPDSDQGVWHSSLQJDORQJDQ
LPDJLQDU\WUDFNZLWKDJLYHQIL[HGVORSH 7KHLQWHJUDOGRHVQRWGHSHQGRQWKHDFWXDOSDWK
RI WKHWUDFNIRUWKHSXUSRVHRI WKLVPHDVXUHPHQWDQGLWLVRQO\FDOFXODWHGRQFHDQGQRW
  
IRUHYHU\PXRQWUDFN 7KHVLJQRI WKHFKDUJHRI WKHSDUWLFOHFRUUHVSRQGLQJWRWKHWUDFNLV
GHWHUPLQHGE\FRQVLGHULQJWKHVORSHVDWWKHYHUWH[DQGWKHPXRQV\VWHPDQGWKHSRODULW\
RI WKHPDJQHWLFILHOG
,W VKRXOGEHQRWHG WKDW WKHPRPHQWXPGHWHUPLQHGZLWK WKHRXWOLQHGPHWKRGVKRZVD
FHUWDLQELDVGHSHQGLQJRQ t2x GXHWRLQKRPRJHQHLWLHVLQWKHPDJQHWLFILHOG $ SDUDEROLF
FRUUHFWLRQLVWKHUHIRUHDSSOLHGWRWKHREWDLQHGPRPHQWXPHVWLPDWH
7RREWDLQDEHWWHUSUHFLVLRQRQWKHPRPHQWXP DQDGGLWLRQDOSURFHGXUHLVSHUIRUPHGIRU
WKHWUDFNLQJHIILFLHQF\VWXGLHV 7KHWUDFNVWDWH FRQVWUXFWHGRXWRI WKHPXRQVWDQGDORQH
WUDFNDQGWKHPRPHQWXPHVWLPDWH LVH[WUDSRODWHGWRWKHSULPDU\YHUWH[ XVLQJDIXOOH[
WUDSRODWLRQ 7KHGLIIHUHQFHLQ x IURP]HURLVWKHQXVHGWRDGDSW q/p IRUWKHVWDWHLQWKH
PXRQV\VWHP 7KLVSURFHGXUHLVUHSHDWHGXQWLOWKHGHYLDWLRQLQWKH xFRRUGLQDWHIURP]HUR
DWWKHSULPDU\YHUWH[LVVPDOOHUWKDQDJLYHQYDOXH 7KHSURFHGXUHQRUPDOO\FRQYHUJHVDIWHU
DIHZLWHUDWLRQV
7KHPRPHQWXPUHVROXWLRQIRUPXRQVWDQGDORQHWUDFNVDQGWKHGLPXRQVSHFWUXP IRUPHG
RXWRI DORQJWUDFNDQGDPXRQVWDQGDORQHWUDFNRQDVLPXODWHG J/ψ→ µ+µ− VDPSOH DUH
VKRZQLQ)LJ  7KHGDWDSRLQWVZHUHILWWHGZLWKDGRXEOH*DXVVLDQ SUREDELOLW\GHQVLW\
IXQFWLRQ3') DQGDQH[SRQHQWLDOGLVWULEXWLRQ
PDJQHWLFSODQH PXRQVWDWLRQV
)LJXUH  ,OOXVWUDWLRQRI WKHSNLFNPHWKRGWRGHWHUPLQHWKHPRPHQWXPRI DPXRQVWDQ
GDORQHWUDFN 7KHEOXHOLQHLVWKHUHDOIOLJKWSDWK WKHGDVKHGEOXHOLQHLVWKH
OLQHDUH[WUDSRODWLRQWRWKHPDJQHWLFSODQHDQGWKHUHGGRWVDUHWKHKLWVLQWKH
PXRQVWDWLRQV
$ IXOOH[WUDSRODWLRQXVHVWKHGHWDLOHGPDJQHWLFILHOGPDSDQGGRHVQRWUHO\RQDVLPSOLILHGDSSURDFKOLNHD
SNLFN
$ GRXEOH*DXVVLDQLVWKHVXPRI WZR*DXVVLDQ3')VZLWKDFRPPRQPHDQ
  
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)LJXUH  3HUIRUPDQFHRI WKHPXRQVWDQGDORQHWUDFNUHFRQVWUXFWLRQ HYDOXDWHGRQ·
VLPXODWHG J/ψ → µ+µ− HYHQWV ,QDWKHPRPHQWXPUHVROXWLRQRI WKHVWDQ
GDORQHWUDFN LVVKRZQZKLOH LQE WKHFRPELQDWLRQRI DIXOO\UHFRQVWUXFWHG
ORQJWUDFNDQGDPXRQVWDQGDORQHWUDFNRI RSSRVLWHFKDUJHLVVKRZQ $ FOHDU
PDVVSHDNDURXQGWKHQRPLQDO J/ψ PDVVFDQEHREVHUYHG 7KHGDWDSRLQWV
ZHUHILWWHGZLWKDGRXEOH*DXVVLDQ3') DQGDQH[SRQHQWLDOGLVWULEXWLRQ 7KH
UHVROXWLRQRI WKHQDUURZHUFRPSRQHQWLVDSSUR[LPDWHO\0H9/c2
:b8b:b 0*) /-&.
7KHPXRQVWDQGDORQHWUDFNVFDQEHFRPELQHGZLWKKLWVLQWKH77IROORZLQJ ZKDWLVH[
SODLQHGLQ6HFW  +RZHYHU DVWKHPRPHQWXPDQGWKHSRVLWLRQDUHPXFKOHVVSUHFLVHO\
GHILQHGWKDQIURPD9(/27VWDWLRQWUDFN WKHVHDUFKZLQGRZVKDYH WREHZLGHQHG LQ
RUGHUWRILQGWKHFRUUHFWKLWV 7KHKLWVLQWKHPXRQV\VWHPDQG77 DUHWKHQILWWHGZLWK
WKH.DOPDQILOWHUWRIRUPDWUDFN 7KHPRPHQWXPUHVROXWLRQIRU0XRQ77 WUDFNVDQGWKH
GLPXRQVSHFWUXP IRUPHGRXWRI DORQJDQGD0XRQ77 WUDFNRQDVLPXODWHG J/ψ→ µ+µ−
VDPSOH DUHVKRZQLQ)LJ  7KHGDWDSRLQWVZHUHILWWHGZLWKWZR&U\VWDO%DOO3')V >@
ZLWKDFRPPRQPHDQDQGDQH[SRQHQWLDOGLVWULEXWLRQ 7KHPDVVDQGPRPHQWXPUHVROX
WLRQLPSURYHVE\DIDFWRURI ZKHQDGGLQJ77 KLWVWRWKHPXRQVWDQGDORQHWUDFN
FRPSDUHGWRWKHPXRQVWDQGDORQHWUDFNDORQH VHH7DEOH 
7HFKQLFDOO\WKHVWDWHLQWKHPXRQV\VWHPLVH[WUDSRODWHGWRWKH9(/27KLVVWDWHLVWKHQH[WUDSRODWHGEDFN
WR77 WRDGGKLWVIROORZLQJWKHVWDQGDUGDOJRULWKP
  
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)LJXUH  3HUIRUPDQFHRI WKH0XRQ77 WUDFNLQJ HYDOXDWHGRQ·VLPXODWHG J/ψ →
µ+µ− HYHQWV ,QDWKHPRPHQWXPUHVROXWLRQRI WKH0XRQ77 WUDFNLVVKRZQ
ZKLOHLQEWKHFRPELQDWLRQRI DIXOO\UHFRQVWUXFWHGORQJWUDFNDQGD0XRQ77
WUDFNRI RSSRVLWHFKDUJHLVVKRZQ $ FOHDUPDVVSHDNDURXQGWKHQRPLQDO J/ψ
PDVVFDQEHREVHUYHG 7KHGDWDSRLQWVZHUHILWWHGZLWKWZR&U\VWDO%DOO3')V
>@ZLWKDFRPPRQPHDQDQGDQH[SRQHQWLDOGLVWULEXWLRQ 7KHUHVROXWLRQRI
WKHQDUURZHUFRPSRQHQWLVDSSUR[LPDWHO\0H9/c2
7DEOH  &RPSDULVRQRI WKHPHDQDQGWKHQDUURZFRPSRQHQWRI WKHPDVVUHVROXWLRQIRU
J/ψ→ µ+µ− IRUDFRPELQDWLRQRI DORQJWUDFNZLWKDPXRQVWDQGDORQHWUDFN
ZLWKD0XRQ77 WUDFNDQGZLWKDORQJWUDFN 7KHYDOXHVDUHRQO\DSSUR[LPDWH
KHQFHQRXQFHUWDLQW\LVJLYHQ 7KHYDOXHIRUWKHORQJ²ORQJFRPELQDWLRQZDV
GHWHUPLQHGRQDB0→ J/ψK∗0 VDPSOHIURPFROOLVLRQGDWDZLWKWZR&U\V
WDO%DOO3')VZLWKDFRPPRQPHDQIRUWKHGLPXRQPDVVGLVWULEXWLRQ 1RWHWKDW
WKHPHDQYDOXHRI WKHORQJPXRQVWDQGDORQHFRPELQDWLRQKDVDELDVWRZDUGV
ORZYDOXHVIRUWKHPHDQRI WKH J/ψ PDVV
PRGH PHDQ>0H9/c2 @ σQDUURZ>0H9/c2 @
ORQJPXRQVWDQGDORQH  
ORQJ0XRQ77  
ORQJORQJ  
  
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,QRUGHUWRDSSO\WKHWDJDQGSUREHDSSURDFKWRFROOLVLRQGDWD DKDQGIXORI SUHFDXWLRQV
KDYHWREHWDNHQ 0RVWLPSRUWDQWO\ELDVHVIURPWKHWULJJHUDUHDFRQFHUQ $VWKH+/7
DOUHDG\GRHVDWUDFNUHFRQVWUXFWLRQ RQHKDVWRPDNHVXUHWKHWULJJHUGHFLVLRQGRHVQRW
LQIOXHQFHWKHWUDFNLQJHIILFLHQF\PHDVXUHPHQW 7KLVLVDFKLHYHGE\UHTXLULQJWKHWDJWUDFNWR
EHDOLJQHGWRWKHWUDFNWKDWILUHGWKHWULJJHULQ+/7DQG+/7 >@ 2QO\WULJJHUGHFLVLRQV
UHO\LQJRQVLQJOHWUDFNVFDQWKHUHIRUHEHXVHGIRUWKLVWUDFNLQJHIILFLHQF\PHDVXUHPHQW 7KH
OHYHOWULJJHURQO\UHFRQVWUXFWVPXRQVWDQGDORQHWUDFNVDQGGRHVWKHUHIRUHLQWURGXFHD
ELDV 7KHWULJJHUGHFLVLRQVWKDWZHUHXVHGIRUORZDQGKLJKWUDQVYHUVHPRPHQWXPWUDFNV
DUHJLYHQLQ7DEOH  DQG 
7DEOH  7ULJJHU OLQHV DQG VHOHFWLRQV LQ+/7DQG+/7XVHG IRU WUDFNLQJ HIILFLHQF\
PHDVXUHPHQWVIRUORZWUDQVYHUVHPRPHQWXPWUDFNV
1DPH 3UHVFDOH 6HOHFWLRQ 6HOHFWLRQ
+OW7UDFN0XRQ 
,3 !PP ,3 !PP
² χ2,3 !
p !*H9/c p !*H9/c
p7 !*H9/c p7 !*H9/c
χ2WUDFNQGRI  χ2WUDFNQGRI 
χ2PXRQ < 25

+OW6LQJOH0XRQ 
,3 !PP ,3 !PP
² χ2,3 !
p7 !*H9/c p7 !*H9/c
χ2WUDFNQGRI  χ2WUDFNQGRI 
LV0XRQ WUXH LV0XRQ WUXH
$OWKRXJKWKHWUDFNUHFRQVWUXFWLRQLQWKH+/7 DQGRIIOLQHDUHVLPLODU WKH\DUHQRWLGHQWLFDO 7KHUHIRUHD
TXDOLW\FULWHULRQEDVHGRQKLWVLQWKHVXEGHWHFWRUVLVLQSODFHWR©PDWFKªRIIOLQHWUDFNVDQGWUDFNVLQWKH
+/7
7KH LPSDFWSDUDPHWHU χ2 LVDPHDVXUHRI KRZFRPSDWLEOHWKHWUDFN LVZLWKRULJLQDWLQJDW WKHSULPDU\
YHUWH[
 χ2PXRQ LVWKHPDWFKLQJTXDOLW\RI D9(/2 DQGDPXRQVWDQGDORQHWUDFNLQ+/7 ,WLVGHVFULEHGLQGHWDLO
LQ5HI >@
7KH\QHHGWRIXOILOOWKHLV0XRQFULWHULRQ )RUDPRPHQWXPZLWK p  *H9/c KLWVQHHGWREHIRXQG
LQ0DQG0 IRU p *H9/c KLWVQHHGWREHIRXQGLQ0 0DQG0RU0 DQGIRU *H9/c
 p KLWVQHHGWREHSUHVHQWLQPXRQVWDWLRQV0 0 0DQG0
  
7DEOH  7ULJJHU OLQHV DQG VHOHFWLRQV LQ+/7DQG+/7XVHG IRU WUDFNLQJ HIILFLHQF\
PHDVXUHPHQWVIRUKLJKWUDQVYHUVHPRPHQWXPWUDFNV
1DPH 3UHVFDOH 6HOHFWLRQ
+OW6LQJOH0XRQ1R,3/ 
p7 !*H9/c
χ2WUDFNQGRI  
χ2PXRQ  
+OW6LQJOH0XRQ1R,3/+LJK37 
p7 !*H9/c
χ2WUDFNQGRI 
χ2PXRQ 
+OW6LQJOH+LJK370XRQ  p7 !*H9/c
$ VHFRQGSRWHQWLDOELDVFRPHVIURPWKH©VWULSSLQJª $OWKRXJKWKHVHVHOHFWLRQVDUHGRQH
RIIOLQH WKH\EHKDYHVLPLODUO\WRWKHWULJJHU DVWKHHQGXVHUFDQQRWDFFHVVGDWDQRWFRPLQJ
WKURXJKWKHVWULSSLQJ 7KHGHFLVLRQVLQWKHWULJJHUDUHEDVHGRQVLPSOHREMHFWVHJ WUDFNV
DQGSUHH[LVWLQJWULJJHUOLQHVFRXOGEHH[SORLWHG 7KHVWULSSLQJLVPRUHFRPSOH[ )RUKLJK
WUDQVYHUVHPRPHQWXPWUDFNV DVLQJOHPXRQVWULSSLQJOLQHH[LVWVIRUW DQDO\VHV )RUORZ
p7 WUDFNV QRWKLQJFRPSDUDEOHWRDWULJJHUOLQHFDQEHXVHG 7KHFRQVWUXFWLRQRI 0XRQ77
WUDFNVLVWKHUHIRUHGRQHLQWKHVWULSSLQJ
:b9b7b *)./-0/$)"  $(0*) - .*)) 
7KHZRUNIORZWRUHFRQVWUXFWDGLPXRQUHVRQDQFHLVVLPLODUIRUERWK KLJKDQGORZp7
7KHRQO\GLIIHUHQFHLVWKHSODFHZKHUHLWLVH[HFXWHGRIIOLQHRUVWULSSLQJ
7KHEDVLFLGHDLVWRUHFRQVWUXFWHYHU\UHVRQDQFHWZLFH RQFHZLWKDSRVLWLYHPXRQDQGRQFH
ZLWKDQHJDWLYHPXRQDVWKHWDJWUDFN 7KHZRUNIORZIRUWKHILUVWFDVHLVGHVFULEHGEHORZ
 5HWULHYHDOOSDUWLFOHVLQDQHYHQWZLWKDSRVLWLYHFKDUJHDQGLGHQWLILHGDVPXRQV
 5HTXLUHWKHPWREHDOLJQHGZLWKWKHWUDFNWKDWKDVILUHGWKHVLQJOHPXRQWULJJHULQ
+/7DQG+/7
7KHYDOXHZDVWLJKWHQHGIRUODWHUUXQVLQWKHGDWDWDNLQJ
7KHYDOXHZDVWLJKWHQHGIRUODWHUUXQVLQWKHGDWDWDNLQJ 7KLVPDWFKLQJFULWHULRQIRUPXRQKLWVLV
QRWLGHQWLFDOWRWKHRQHXVHGLQ LWLVGHVFULEHGLQ5HI >@
©6WULSSLQJªLVWKHWHUPIRURIIOLQHVHOHFWLRQVZKLFKDUHUXQFHQWUDOO\WRUHGXFHWKHDPRXQWRI GDWDWKHXVHU
KDVWRDQDO\VHIRUDVSHFLILFGHFD\FKDQQHO
7KH\QHHGWRIXOILOOWKHLV0XRQFULWHULRQ )XUWKHUPRUHDFXWRQDFRPELQHGOLNHOLKRRGIRUPXRQLGHQWLILFD
WLRQXVLQJGLIIHUHQWVXEGHWHFWRUVLVDSSOLHG )RUGHWDLOVRQWKHVHTXDQWLWLHVVHH6HFW  DQG5HI >@
  
 'RWKHSDWWHUQUHFRJQLWLRQIRU0XRQ77 WUDFNV DVVLJQDPXRQPDVVK\SRWKHVLVWR
WKHP 6HOHFWRQO\WKHRQHVZLWKDQHJDWLYHFKDUJH
 &RPELQHWKHWZRWUDFNVLQDYHUWH[ILWDQGDSSO\DFULWHULRQRQWKHTXDOLW\RI WKHILW
$IWHUWKHVHVWHSV DFOHDUPDVVSHDNLVYLVLEOHLQWKHGLPXRQPDVVVSHFWUXP ZKLFKLVWKHQ
XVHGIRUWKHPHDVXUHPHQW 7KHWDVNLVWRVHOHFWWKH J/ψ FOHDQO\HQRXJK WRGHILQHDFULWHULRQ
IRUZKLFKDWUDFNLVFDOOHG©IRXQGªDQGWRDQDO\VHGLIIHUHQWV\VWHPDWLFHIIHFWV $OOWKLVZLOO
EHGLVFXVVHGEHORZ
:b:b - - ,0$.$/ . !*-  /-&$)"  !!$$ )4
( .0- ( )/
$VWKHWUDFNLQJHIILFLHQF\PHDVXUHPHQWXVLQJWKH/RQJ0HWKRGZDVXQFKDUWHGWHUULWRU\ D
KDQGIXORI FURVVFKHFNVDQGRSWLPLVDWLRQVZHUHSHUIRUPHGWRPDNHVXUHLWVSHUIRUPDQFH
LVVDWLVIDFWRU\
:b:b7b ..*$/$*)
7RPHDVXUH WKH WUDFNLQJ HIILFLHQF\ WKH SUHVHQFH RI  D ORQJ WUDFN FRUUHVSRQGLQJ WR WKH
0XRQ77 WUDFNQHHGVWREHFKHFNHG 7KHWUDFNLQJHIILFLHQF\FDQWKHQEHIRUPXODWHGDV
εWUDFN =
RI 0XRQ77 WUDFNVDVVRFLDWHGWRDORQJWUDFN
RI 0XRQ77 WUDFNV
. 
7KHDVVRFLDWLRQLVGRQHE\FKHFNLQJWKHRYHUODSRI KLWVRI ERWKWUDFNVLQWKHPXRQV\VWHP
DQGSRVVLEO\777KHIDFWWKDWQRWDOO ORQJWUDFNVKDYH77 KLWV OHDGVWRDFRPSOLFDWLRQ
,QSULQFLSOHRQHZRXOGQHHG WRGLVHQWDQJOH WKH ODFNRI KLWV LQ77 GXH WR LQHIILFLHQFLHV
LQ WKHSDWWHUQ UHFRJQLWLRQ HJ RQO\DGGLQJKLWV LI  WKUHHRUPRUHDUHIRXQG DQGGXH WR
DFFHSWDQFHHIIHFWV HJ DWUDFNFRXOGKDYHRQO\SDVVHG77 DWWKHYHU\HGJHRI DOD\HURUJRQH
WKURXJKDJDSEHWZHHQWKHVHQVRUV $VWKLVGLVWLQFWLRQZRXOGEHYHU\GLIILFXOWRUPD\EH
QRWHYHQIHDVLEOH DSUDJPDWLFDSSURDFKZDVFKRVHQ WKHODFNRI 77 KLWVRQDORQJWUDFNZDV
FRQVLGHUHGWREHHQWLUHO\GXHWRWKHSDWWHUQUHFRJQLWLRQ 7KLVDOORZVWKH0XRQ77 WUDFNWR
EHWDNHQDVDSUREHIRUHYHU\ORQJWUDFNLQWKHHYHQW
,QSUDFWLFH WKHRYHUODSZDVFKHFNHGDVIROORZV ERWKWUDFNV 0XRQ77 DQGORQJ QHHGWR
VKDUHDFHUWDLQIUDFWLRQRI KLWVLQWKHPXRQVWDWLRQV ,QDGGLWLRQ LI WKHORQJWUDFNZKLFK
LVFRPSDUHGWRWKH0XRQ77 WUDFNKDV77 KLWV ERWKWUDFNVDOVRQHHGWRVKDUHDFHUWDLQ
IUDFWLRQRI KLWVLQ77
7HFKQLFDOO\DORQJWUDFNGRHVQRWKDYHKLWVLQWKHPXRQVWDWLRQV DVWKHVHKLWVDUHQRWXVHGLQWKHSDWWHUQ
UHFRJQLWLRQWRIRUPDORQJWUDFN 7KH\DUHWKHKLWVXVHGWRLGHQWLI\WKHSDUWLFOHDVDPXRQ 7KHGLIIHUHQFH
LVGURSSHGLQWKHWH[WIRUVLPSOLFLW\
  
7KHVH IUDFWLRQVKDYH WREHGHWHUPLQHGRQVLPXODWLRQ 7KHIROORZLQJSURFHGXUH LVSHU
IRUPHG ,QDVDPSOHRI VLPXODWHG X → µ+µ− GHFD\V ZKHUH; LVD Z0 RU J/ψ  DWUDFN
FRUUHVSRQGLQJWRDPXRQIURPWKHUHVRQDQFHLVVHOHFWHGDQGLWVRYHUODSFRPSDUHGZLWKWKH
0XRQ77 WUDFNRI WKHVDPHFKDUJH $VE\GHILQLWLRQWKHVHWUDFNVKDYHWRPDWFK WKHLURYHU
ODSIUDFWLRQFDQEHXVHGWRGHILQHDFXWIRUWKHDSSOLFDWLRQLQFROOLVLRQGDWD )XUWKHUPRUH LW
LVDOVRFKHFNHGKRZJRRGWKHRYHUODSEHWZHHQWKH0XRQ77 WUDFNDQGDUDQGRPWUDFN QRW
EHORQJLQJWRWKHPXRQIURPWKHUHVRQDQFH LVZKHUHWKHZRUVWSRVVLEOHWUDFNLH KDYLQJ
WKHODUJHVWRYHUODSLVFRQVLGHUHG
7KHFRPSDULVRQRI WKHVHWZR©PDWFKLQJVªLVVKRZQLQ)LJV  DQG  )URPWKHWZR
VWXGLHV WKHUHTXLUHGRYHUODSIUDFWLRQLVVHWWRWKHYDOXHVVKRZQLQ7DEOH  7KHUHLVQRW
DOZD\VDFOHDUVHSDUDWLRQEHWZHHQWKHIUDFWLRQVIRU WKHFRUUHFWO\RU LQFRUUHFWO\PDWFKHG
WUDFNZKHQFRQVLGHULQJWKHPXRQV\VWHPDORQH +RZHYHUWKLVGHILFLHQF\LVODUJHO\UHGXFHG
E\WKHUHTXLUHPHQW WRSDVV WKHFRUUHVSRQGLQJDVVRFLDWLRQIUDFWLRQV LQERWK77 DQGWKH
PXRQV\VWHP 7KHDPELJXLW\LQWKHDVVRFLDWLRQLQWKHPXRQV\VWHPWKHQRQO\DIIHFWVORQJ
WUDFNVZLWKRXW77 KLWV 7KLVIRUPVDVPDOOSRUWLRQRI WKHVDPSOHVXVHGIRUGDWDDQDO\VLV
7DEOH  2YHUODSIUDFWLRQVLQWKHPXRQV\VWHPDQG77 IRUWUDFNLQJHIILFLHQF\PHDVXUH
PHQWVXVLQJ Z0→ µ+µ− DQG J/ψ→ µ+µ−
'HFD\ IUDFWLRQLQPXRQV\VWHP IUDFWLRQLQ77
J/ψ→ µ+µ−  
Z0→ µ+µ−   
:b:b8b  ) -' -*..# &.
&RUUHODWLRQV )RUDQXQELDVHGWUDFNLQJHIILFLHQF\PHDVXUHPHQW QRFRUUHODWLRQPXVWH[LVW
EHWZHHQIRUPLQJD0XRQ77 WUDFNDQGDORQJWUDFNRXWRI DPXRQLQDJLYHQHYHQW $ ELDV
FRXOGEHSUHVHQWLI ODUJHPXOWLSOHVFDWWHULQJZRXOGRFFXULQWKHGHWHFWRU ,QWKLVFDVH WKH
SDWWHUQUHFRJQLWLRQLQWKH7 VWDWLRQVZRXOGIDLOWRILQGWKHULJKWKLWVIRUWKHORQJWUDFNZKLOH
WKHSDWWHUQUHFRJQLWLRQLQ77 ZRXOGIDLOIRUWKH0XRQ77 WUDFN 7KHPHWKRGSUHVHQWHG
IRUWUDFNLQJHIILFLHQF\GHWHUPLQDWLRQZRXOGQRWDFFRXQWIRUVXFKNLQGRI DQHIIHFW 7KH
SRVVLEOHVL]HRI WKLVFRUUHODWLRQZDVFKHFNHGRQVLPXODWHG Z0 → µ+µ− GDWDDQGLVYHU\
VPDOO LWLVQRWFRQVLGHUHGDQ\IXUWKHU 7KHUHVXOWLVVKRZQLQ)LJ 
$ VLPLODU HIIHFWPD\EH LQGXFHGE\KDGURQLF LQWHUDFWLRQV IRUNDRQVDQGSLRQV 7KLV LV
GLVFXVVHGIXUWKHULQ6HFW  )XUWKHUPRUHLWLVFKHFNHGWKDWWKHSUHVHQFHRI RQHUHFRQ
VWUXFWHGPXRQGRHVQRWLQIOXHQFHWKHHIILFLHQF\WRUHFRQVWUXFWWKHVHFRQGRQH
,QUHWURVSHFW WKHFXWIRUWKHRYHUODSLQWKHPXRQV\VWHPIRU Z0→ µ+µ− VHHPVUDWKHUORRVH +RZHYHU
DVIRUDOPRVWDOOWKHWUDFNVDOVRWKHRYHUODSLQ77 KDVWREHODUJHUWKDQ WKHSROOXWLRQIURPLQFRUUHFWO\
PDWFKHGWUDFNVLVQHJOLJLEOH
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fraction of matched muon hits
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fraction of matched muon hits
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)LJXUH  2YHUODSEHWZHHQ0XRQ77 WUDFNDQG ORQJWUDFNIRUVLPXODWHG Z0 → µ+µ−
HYHQWVLQ77 D LQWKHPXRQV\VWHPLI WKHORQJWUDFNGRHVQRWKDYH77 KLWV
E LQ WKHPXRQV\VWHP LI  WKH ORQJ WUDFNKDV77 KLWV F DQG LQ WKHPXRQ
V\VWHPLI PRUHWKDQRI WKHKLWVLQ77 QHHGWRDJUHHG ,QGDVKHGUHG
LVWKHRYHUODSRI WUDFNVZKLFKKDYHWKHODUJHVWRYHUODSLQPXRQDQG77 KLWV
EXWGRQRWVWHPIURPD Z0 ZKLOHLQEODFNLVWKHRYHUODSRI WUDFNVWKDWVWHP
IURPD Z0 7KHFRQGLWLRQVZHUHFKRVHQVXFKWKDWHYHU\HYHQWFRQWDLQVDIXOO\
UHFRQVWUXFWHG Z0→ µ+µ− HYHQWZKLFKFRXOGEHPDWFKHGWRVLPXODWLRQ
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)LJXUH  2YHUODSEHWZHHQ0XRQ77 WUDFNDQGORQJWUDFNIRUVLPXODWHG J/ψ → µ+µ−
HYHQWVLQ77 D LQWKHPXRQV\VWHPLI WKHORQJWUDFNGRHVQRWKDYH77 KLWVE
LQWKHPXRQV\VWHPLI WKHORQJWUDFNKDV77 KLWVFDQGLQWKHPXRQV\VWHPLI
PRUHWKDQRI WKHKLWVLQ77 QHHGWRDJUHHG ,QGDVKHGUHGLVWKHRYHUODS
RI WUDFNVZKLFKKDYHWKHODUJHVWRYHUODSLQPXRQDQG77 KLWV EXWGRQRWVWHP
IURPD J/ψ  ZKLOHLQEODFNLVWKHRYHUODSRI WUDFNVWKDWVWHPIURPD J/ψ  7KH
FRQGLWLRQVZHUHFKRVHQVXFKWKDWHYHU\HYHQWFRQWDLQVDIXOO\UHFRQVWUXFWHG
J/ψ→ µ+µ− HYHQWZKLFKFRXOGEHPDWFKHGWRVLPXODWLRQ
  
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)LJXUH  &RUUHODWLRQFKHFNIRU0XRQ77 WUDFNVRQVLPXODWLRQ ,QGDVKHGUHGLVWKHIUDF
WLRQRI WUDFNVUHFRQVWUXFWHGIURPD Z0→ µ+µ− GHFD\ZKHQD0XRQ77 WUDFN
ZDVUHFRQVWUXFWHGLQWKHHYHQW LQEODFNLVWKHIUDFWLRQRI WUDFNVUHFRQVWUXFWHG
IURPD Z0→ µ+µ− GHFD\ZKHQQRVXFKFULWHULRQLVDSSOLHG
3KDVHVSDFHGLVWDQFHRI DVVRFLDWHGWUDFNV ,QRUGHUWRFURVVFKHFNWKHDVVRFLDWLRQDV
GHVFULEHGLQ6HFW  WKH©GLVWDQFHªEHWZHHQD0XRQ77 WUDFNDQGORQJWUDFNVZDVYL
VXDOLVHG LQWKH
(
∆R − ∆pp
)
SODQH ZKHUH ∆R =
√
(∆η)2 + (∆φ)2 &RUUHFWO\DVVRFL
DWHGWUDFNVVKRXOGFOXVWHUDURXQGZKLOHRWKHUWUDFNVVKRXOGEHPRUHUDQGRPO\GLV
WULEXWHG 7KLVEHKDYLRXUZDVFRQILUPHGRQDVLPXODWHG Z0→ µ+µ− VDPSOHDQGYLVX
DOLVHGLQ)LJ 
,QSULQFLSOH WKHGLVWDQFHLQWKH
(
∆R − ∆pp
)
SODQHFDQDOVREHXVHGWRGLUHFWO\DVVRFLDWH
WKHSUREHWUDFNVWRWKHUHFRQVWUXFWHGORQJWUDFNVDQGJLYHDPHDVXUHPHQWRI WKHWUDFNLQJ
HIILFLHQF\HJ DVGRQHLQ5HI >@ )RU/+&E WKHPDWFKLQJYLDKLWVLQVXEGHWHFWRUVZDV
GHHPHGPRUHDSSURSULDWH
:b;b -&$)"  !!$$ )4 !*- #$"# /-).1 -. 
(*( )/0( /-&.
8QGHUVWDQGLQJWKH WUDFNLQJHIILFLHQF\IRUKLJKWUDQVYHUVHPRPHQWXPWUDFNV LVDFUXFLDO
LQJUHGLHQWIRUFURVVVHFWLRQPHDVXUHPHQWVRIW DQG Z0 ERVRQV >@ 7KHLGHDLVWRXVH
WKHWDJDQGSUREHDSSURDFKRQUHFRQVWUXFWHG Z0→ µ+µ− GHFD\VZKHUHRQHPXRQFRUUH
VSRQGVWRDORQJWUDFNDQGWKHRWKHURQHWRD0XRQ77 WUDFN 7KHIROORZLQJGHWHUPLQDWLRQV
DUHDOOGRQHRQWKH SE−1 RI FROOLVLRQGDWDUHFRUGHGLQ
&RQVLGHULQJ∆R DORQHPD\QRWEHHQRXJK ∆R FRXOGEHWKHVDPHIRUWZRGLIIHUHQWWUDFNVZLWKWKHVDPH
IOLJKWGLUHFWLRQDIWHUWKHLURULJLQ
  
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)LJXUH  'LVWULEXWLRQVRI WUDFNVLQWKH
(
∆R − ∆pp
)
SODQHRI 0XRQ77 WUDFNDQGDVVR
FLDWHGORQJWUDFN )LJXUHDVKRZVWKHGLVWULEXWLRQRI ORQJWUDFNVZKLFKZHUH
DVVRFLDWHGWRD0XRQ77 WUDFN )LJXUHEVKRZVWKHGLVWULEXWLRQRI ORQJWUDFNV
ZKLFKKDYHWKHVPDOOHVW∆R LQDQHYHQW 7KHORQJWUDFNWKDWZDVDVVRFLDWHGWR
D0XRQ77 WUDFNZDVH[FOXGHG )LJXUHFVKRZVWKHGLVWULEXWLRQRI ORQJWUDFNV
ZKLFKKDYHWKHVPDOOHVW ∆R LQDQHYHQW 1RORQJWUDFNZDVDVVRFLDWHGWRD
0XRQ77 WUDFNLQWKHVHHYHQWV
  
:b;b7b 1 )/ . ' /$*)
,QRUGHUWRREWDLQDUHDVRQDEO\FOHDQ EXWXQELDVHGVDPSOHRIZ0 IRUWKHHIILFLHQF\PHDVXUH
PHQW VRPHVHOHFWLRQFXWVDUHDSSOLHG VHH7DEOH  1RWHWKDWQRFXWVRQWKHSUREHPXRQ
DUHDSSOLHG H[FHSWIRUFXWVGHILQLQJWKHUHJLRQRI LQWHUHVWIRUWKHPHDVXUHPHQW DQGWKH
FXWVRQWKHWDJPXRQDUHFKRVHQQRWWRELDVWKHSUREHPXRQ 7KHUHVXOWLQJLQYDULDQW
PDVVGLVWULEXWLRQRI WKHWZRPXRQVLVVKRZQLQ)LJ 
$OWKRXJKDVPDOODPRXQWRI EDFNJURXQGFDQQRWEHH[FOXGHGDIWHUWKHVHFXWV LWLVQHJOHFWHG
IRUVHYHUDOUHDVRQV )LUVW FRQVLGHULQJWKHPDVVGLVWULEXWLRQVLQ)LJ  QRFRQFOXVLYH
VWDWHPHQWRUHVWLPDWLRQRI WKHDPRXQWRI EDFNJURXQGLVSRVVLEOH 6HFRQG RQO\EDFNJURXQG
FRPLQJIURPJKRVWVZRXOGEHSUREOHPDWLF DVUHDOWUDFNVLQWKHEDFNJURXQGVKRXOGKDYH
WKHVDPHHIILFLHQF\DV LQWKHVLJQDO )LQDOO\ WKHSUHFLVLRQZLWKZKLFKWKHHIILFLHQF\FDQ
EHGHWHUPLQHGJLYHQWKHDPRXQWRI GDWDPDNHVWKHFRQWULEXWLRQIURPJKRVWWUDFNVLQWKH
EDFNJURXQGQHJOLJLEOH
7DEOH  6HOHFWLRQFXWV IRU WKH Z0 UHVRQDQFH IRU WKH WUDFNLQJHIILFLHQF\PHDVXUHPHQW
RQFROOLVLRQGDWD 7KHFXWVRQWKHSUREHPXRQRQO\GHILQHWKHUHJLRQRI
LQWHUHVWLQZKLFKWKHHIILFLHQF\LVPHDVXUHG
9DULDEOH 9DOXH
p7 WDJPXRQ ! *H9/c
χ2WUDFNQGRI WDJPXRQ 
LV0XRQWDJPXRQ WUXH
'//µpi WDJPXRQ !
p7 SUREHPXRQ ! *H9/c
η SUREHPXRQ  η 
Z0 χ2YW[ 
Z0 PDVVZLQGRZ  *H9/c2
 Z0 FDQGLGDWHVHYHQW 
:b;b8b # &. *) .$(0'/  /
7KHWUDFNLQJHIILFLHQF\PHDVXUHGZLWK WKH/RQJ0HWKRGZDVFRPSDUHG WR WKH WUDFNLQJ
HIILFLHQF\RQWKHVLPXODWLRQOHYHOWRFKHFNWKHSUHVHQFHRI SRVVLEOHV\VWHPDWLFHIIHFWV ,Q
VLPXODWLRQ LWLVSRVVLEOHWRREWDLQWKHWUDFNLQJHIILFLHQF\GLUHFWO\E\FKHFNLQJLI DSDUWLFOHWUD
MHFWRU\ZKLFKLV©UHFRQVWUXFWLEOHªLVDOVRUHFRQVWUXFWHGDVDWUDFNE\WKHWUDFNLQJDOJRULWKPV
$VFRXOG IRUH[DPSOH EHWKHFDVHIRUFXWVRQWKHLPSDFWSDUDPHWHU
'//µpi LVH[SODLQHGLQ6HFW 
  
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)LJXUH  &RPSDULVRQ EHWZHHQ WKH WUDFNLQJ HIILFLHQF\ GHWHUPLQHGZLWK WKH KLWEDVHG
PHWKRGUHGGDVKHGGDWDSRLQWVDQGZLWKWKHWDJDQGSUREHDSSURDFKEODFN
VROLGGDWDSRLQWVRQDVDPSOHRI VLPXODWHGZ0→ µ+µ− HYHQWV ELQQHGLQSVHX
GRUDSLGLW\D WUDQVYHUVHPRPHQWXPE SRODUDQJOHFDQGQXPEHURI UHFRQ
VWUXFWHGSULPDU\YHUWLFHVG %RWKPHWKRGVVKRZDJRRGDJUHHPHQWZLWKLQ≈
 7KHWZRGLSVLQWKH φ GLVWULEXWLRQLQFVWHPIURPWKHUHGXFHGHIILFLHQF\
GXHWRWKH5) IRLOLQWKH9(/2
 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)LJXUH  'LPXRQLQYDULDQWPDVVGLVWULEXWLRQIRUPXRQVPDGHRI DORQJWUDFNDQGD
0XRQ77 WUDFN LQDZLWK µ− DVSUREHWUDFNDQG LQEZLWK µ+ DVSUREH
WUDFN 7KHVHOHFWLRQFXWVDVZULWWHQLQ7DEOH  DUHDSSOLHG 7KHGLVWULEXWLRQ
SHDNVFORVHWRWKHQRPLQDOSRVLWLRQRI WKH Z0 PDVV
5HFRQVWUXFWLEOHLQWKLVFRQWH[WPHDQVWKDWWKHVLPXODWHGSDUWLFOHOHIWHQRXJKLQIRUPDWLRQ
LQWKHVXEGHWHFWRUVWRPDNHDUHFRQVWUXFWLRQSRVVLEOH 7KLVLVFDOOHG©KLWEDVHGPHWKRGª
LQWKHIROORZLQJ 7KHUHVXOWVRI WKLVFRPSDULVRQFDQEHVHHQLQ)LJ  %RWKHIILFLHQFLHV
DJUHHZLWKLQ ≈ LQHDFKELQ ZKLFKLVZHOOEHORZWKHSUHFLVLRQZKLFKFDQEHUHDFKHG
ZLWKWKHWDJDQGSUREHPHWKRGRQFROOLVLRQGDWD
7KHXQFHUWDLQW\LVFDOFXODWHGXVLQJWKH%D\HVLDQPHWKRGGHVFULEHGLQ5HI >@ $VWKHVDP
SOHZLWKWKHDVVRFLDWHGWUDFNVLVDVWULFWVXEVDPSOHRI WKHVDPSOHZLWKDOOWUDFNV DELQRPLDO
HUURUZRXOGQRUPDOO\EHFKRVHQ +RZHYHU IRUHIILFLHQFLHVFORVHWRWKHXQFHUWDLQW\
ZRXOGEHFRPHYHU\VPDOODQGZRXOGFRPSOHWHO\YDQLVKIRUHIILFLHQFLHVRI  7KLVZDV
QRWGHHPHGDSSURSULDWHDVVRPHWLPHVYHU\VPDOOVWDWLVWLFVDUHSUHVHQWLQWKHLQGLYLGXDOELQV
7KHUHIRUHWKHDOWHUQDWLYH%D\HVLDQDSSURDFKLVXVHG
:b;b9b # &. *) *''$.$*) /
7ZRPDMRU FURVVFKHFNV DUHSHUIRUPHGRQFROOLVLRQGDWD 7KHFRPSDULVRQEHWZHHQ WKH
WUDFNLQJHIILFLHQF\WDNLQJWKHQHJDWLYHDQGWKHSRVLWLYHPXRQDVSUREH UHVSHFWLYHO\ DQG
FKHFNLQJIRUGLIIHUHQFHVEHWZHHQGDWDWDNLQJZLWKXSZDUGRUGRZQZDUGPDJQHWLFILHOG
&RQVLVWHQF\EHWZHHQERWKFKDUJHVRIWKHPXRQ 7KHUHVXOWRI WKHILUVWFKHFNFDQ
EHVHHQLQ)LJ  1RVLJQLILFDQWGLVFUHSDQF\EHWZHHQWKHWZRFKDUJHVFDQEHREVHUYHG
7KHRYHUDOOQXPEHUVDUHJLYHQLQ7DEOH 
7KUHHKLWVLQWKH9(/2 rVHQVRUV WKUHHKLWVLQWKH9(/2 φVHQVRUV RQHKLWLQDQ xSODQHLQHDFKRI WKH
7VWDWLRQVDQGKLWLQDVWHUHROD\HULQHDFKRI WKH7VWDWLRQV
  
&RQVLVWHQF\EHWZHHQERWKPDJQHWSRODULWLHV 7KHUHVXOWRI WKHFKHFNIRUGLIIHU
HQFHV LQHIILFLHQF\ IRUGLIIHUHQWPDJQHWLF ILHOGGLUHFWLRQV LV VKRZQ LQ)LJ  DQG WKH
RYHUDOOQXPEHUVDUHJLYHQLQ7DEOH  $OOWKHVHQXPEHUVDUHFRPSDWLEOHZLWKLQWKHVWDWLV
WLFDOXQFHUWDLQW\
7DEOH  &RQVLVWHQF\FKHFNVIRUWKHWUDFNLQJHIILFLHQF\PHDVXUHPHQWIRUKLJKWUDQVYHUVH
PRPHQWXPWUDFNVIRUGLIIHUHQWFKDUJHVRI WKHSUREHPXRQDQGGLIIHUHQWGLUHF
WLRQVRI WKHPDJQHWLFILHOG
0DJQHWLFILHOG &KDUJHRI SUREH (IILFLHQF\>@
XS	GRZQ SRVLWLYH 96.6
+0.9
−1.2
QHJDWLYH 96.4+1.0−1.2
XS SRVLWLYH	QHJDWLYH 96.8
+1.0
−1.2
GRZQ 96.4+0.9−1.1
:b;b:b  .0'/.
7KHWUDFNLQJHIILFLHQF\PHDVXUHGXVLQJWKH SE−1 RI FROOLVLRQGDWDUHFRUGHGLQ
DUHVKRZQLQ)LJ  7KHGLVWULEXWLRQRI Z0→ µ+µ− HYHQWVZKHUHWKHQHJDWLYHPXRQ
LVUHFRQVWUXFWHGDVD0XRQ77 WUDFNLVVKRZQLQ)LJ  2YHUDOOWKHWUDFNLQJHIILFLHQF\
IRUWKHVHKLJKWUDQVYHUVHPRPHQWXPWUDFNVLVEHWZHHQDQGZLWKDQXQFHUWDLQW\
RI ±  ,WLVPRVWO\FRQVWDQWDVDIXQFWLRQRI SVHXGRUDSLGLW\ WUDQVYHUVHPRPHQWXP
DQGSRODUDQJOH ,WGHFUHDVHVDVDIXQFWLRQRI WKHQXPEHURI SULPDU\YHUWLFHV DOWKRXJKWKH
H[SHULPHQWDOSUHFLVLRQLVQRWJRRGHQRXJKWRPDNHDFOHDUVWDWHPHQW 7KHDYHUDJHWUDFNLQJ
HIILFLHQF\ LQWHJUDWHGRYHUDOOELQV LV96.5± 0.8 1RV\VWHPDWLFHIIHFWVDUHFRQVLGHUHG
IRUWKLVGHWHUPLQDWLRQJLYHQWKHODUJHVWDWLVWLFDOXQFHUWDLQWLHV
7KHWUDFNLQJHIILFLHQF\PHWKRGSUHVHQWHGLQWKLVVHFWLRQZDVXVHGIRUWKHPHDVXUHPHQWVRI
WKH W DQG Z0 FURVVVHFWLRQV >@ 7KHWUDFNLQJHIILFLHQF\PHDVXUHPHQWIRUKLJKWUDQV
YHUVHPRPHQWXPWUDFNVZDVQRWUHSHDWHGIRUFROOLVLRQGDWD $VWKHVWDWLVWLFDOXQFHU
WDLQW\ZRXOGGHFUHDVHE\DODUJHDPRXQWIRUWKHVHGDWDGXHWRWKHPXFKODUJHUGDWDVHW
DVWXG\RI WKHEDFNJURXQGFRQWULEXWLRQDQGWKHDVVLJQPHQWRI DV\VWHPDWLFDOXQFHUWDLQW\
ZRXOGFHUWDLQO\EHQHFHVVDU\
 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)LJXUH  7UDFNLQJHIILFLHQF\IRUKLJKWUDQVYHUVHPRPHQWXPWUDFNV GHWHUPLQHGLQ
FROOLVLRQGDWDZLWKWDJDQGSUREHRQ Z0→ µ+µ− 7KHHIILFLHQF\LVELQQHG
LQWKHSVHXGRUDSLGLW\D WKHWUDQVYHUVHPRPHQWXPE WKHSRODUDQJOHF
DQG WKHQXPEHURI  UHFRQVWUXFWHGSULPDU\YHUWLFHV G 7KHXQFHUWDLQW\ LV
FDOFXODWHGXVLQJWKH%D\HVLDQWHFKQLTXHGHVFULEHGLQ5HI >@
 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)LJXUH  'LVWULEXWLRQRI Z0 → µ+µ− HYHQWV ZKHUH WKHQHJDWLYHPXRQZDVUHFRQ
VWVUXFWHG DV D0XRQ77 WUDFN DV D IXQFWLRQRI  WKHSVHXGRUDSLGLW\RI  WKH
0XRQ77 WUDFND WUDQVYHUVHPRPHQWXPRI WKH0XRQ77 WUDFNE φDQJOH
RI WKH0XRQ77 WUDFNFDQGQXPEHURI SULPDU\YHUWLFHVGLQWKHHYHQW
  
η
2 3 4
tra
ck
ing
 ef
fic
ien
cy
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
D
 [MeV/c]Tp
20000 30000 40000 50000 60000
tra
ck
ing
 ef
fic
ien
cy
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
E
φ
-2 0 2
tra
ck
ing
 ef
fic
ien
cy
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
F
number of primary vertices
2 4 6
tra
ck
ing
 ef
fic
ien
cy
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
G
)LJXUH  7UDFNLQJHIILFLHQF\IRUKLJKWUDQVYHUVHPRPHQWXPWUDFNV GHWHUPLQHGLQ
FROOLVLRQGDWDZLWKWDJDQGSUREHRQ Z0→ µ+µ− 7KHHIILFLHQF\LVELQQHGLQ
WKHSVHXGRUDSLGLW\D WKHWUDQVYHUVHPRPHQWXPE WKHSRODUDQJOHFDQG
WKHQXPEHURI UHFRQVWUXFWHGSULPDU\YHUWLFHVG 7KHUHGOLQHVGHVFULEHWKH
HIILFLHQF\IRUSRVLWLYHPXRQV WKHEOXHGDVKHGOLQHWKHHIILFLHQF\IRUQHJDWLYH
PXRQV
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)LJXUH  7UDFNLQJHIILFLHQF\IRUKLJKWUDQVYHUVHPRPHQWXPWUDFNV GHWHUPLQHGLQ
FROOLVLRQGDWDZLWKWDJDQGSUREHRQ Z0→ µ+µ− 7KHHIILFLHQF\LVELQQHGLQ
WKHSVHXGRUDSLGLW\D WKHWUDQVYHUVHPRPHQWXPE WKHSRODUDQJOHFDQG
WKHQXPEHURI UHFRQVWUXFWHGSULPDU\YHUWLFHVG 7KHUHGOLQHVGHVFULEHWKH
HIILFLHQF\IRUXSZDUGPDJQHWLFILHOG WKHEOXHGDVKHGOLQHWKHHIILFLHQF\IRU
GRZQZDUGPDJQHWLFILHOG
  
:b<b -&$)"  !!$$ )4 !*- '*2 /-).1 -. 
(*( )/0( /-&.
0RVWRI WKHGHFD\FKDQQHOVVWXGLHGLQ/+&EGHDOZLWKWUDFNVRI ORZRUPRGHUDWHWUDQV
YHUVHPRPHQWXP LH GHFD\SURGXFWVRI B RU D PHVRQGHFD\V 7KHUHIRUHLWLVHVVHQWLDO
WRXVHDGLPXRQUHVRQDQFHWRGHWHUPLQHWKHWUDFNLQJHIILFLHQF\ZKLFKSURYLGHVDSSUR[L
PDWHO\WKHVDPHPRPHQWXPVSHFWUXP 7KHGHFD\ J/ψ → µ+µ− LVDQLGHDOFDQGLGDWHDV
LWLVDEXQGDQWDQGLWVSHDNYHU\QDUURZ +RZHYHU QHLWKHULQQRULQWKHUHZDV
QRVLQJOHPXRQWULJJHUOLQHLQ+/7GXULQJDQGZKLFKZRXOGKDYHDOORZHGWKH
GHWHUPLQDWLRQRI WKHWUDFNLQJHIILFLHQF\ZLWKSURPSW J/ψ  7KHUHIRUH RQO\QRQSURPSW
J/ψ  PRVWO\IURP B GHFD\V FRXOGEHXVHG
$VWKH0XRQ77 WUDFNLQJDOJRULWKPH[SHFWVWKHPXRQWRFRPHIURPWKHSULPDU\YHUWH[ WKH
UHVWULFWLRQWRQRQSURPSW J/ψ ZDVQRWLGHDO +RZHYHU LWWXUQHGRXWWKDWDODUJHDPRXQWRI
J/ψ FDQVWLOOEHUHFRQVWUXFWHGGXHWRWKHODUJHVHDUFKZLQGRZVLQWKHSDWWHUQUHFRJQLWLRQ
LQ77DQGWKHHIILFLHQWUHPRYDORI KLWVZKLFKGRQRWFRUUHVSRQGWRWKH0XRQ77 WUDFN
7KHSKDVHVSDFHGLVWULEXWLRQVLQSVHXGRUDSLGLW\DQGPRPHQWXPIRU0XRQ77 WUDFNVIURP
QRQSURPSW J/ψ DQGIRU ORQJWUDFNVIURP B0 → J/ψK∗0 LV VKRZQ LQ)LJ  7KH
B0→ J/ψK∗0 GHFD\VHUYHVDVDFRPSDULVRQFKDQQHODVWKHPRPHQWXPDQGSVHXGRUDSLGLW\
RI LWVGHFD\SURGXFWVDUHW\SLFDOIRUPDQ\GHFD\FKDQQHOV/+&ELVLQYHVWLJDWLQJ ,WFDQEH
VHHQWKDWWKHSKDVHVSDFHFRYHUHGE\WKH0XRQ77 WUDFNVIURP J/ψ ODUJHO\FRYHUVWKHRQH
IRUWKH B0→ J/ψK∗0 GHFD\SURGXFWV
)RUWKHWUDFNLQJHIILFLHQF\PHDVXUHPHQWIRUORZWUDQVYHUVHPRPHQWXPWUDFNV DGLIIHUHQW
VWUDWHJ\WKDQIRU Z0→ µ+µ− ZDVXVHG 7KHHIILFLHQF\ZDVELQQHGLQWZRELQVLQSVHXGR
UDSLGLW\ η DQGILYHELQVLQPRPHQWXP p WRPDNHWKHUHVXOWVPRUHHDVLO\XVDEOHIRUDZLGHU
UDQJHRI GHFD\V )XUWKHUPRUH WKHILQDOUHVXOWVZHUHJLYHQDVUDWLRVEHWZHHQWKHWUDFNLQJ
HIILFLHQF\GHWHUPLQHGRQFROOLVLRQGDWDDQGRQVLPXODWHGGDWD 7KLVDSSURDFKZDVFKRVHQ
WRUHGXFHWKHDPRXQWRI V\VWHPDWLFXQFHUWDLQWLHV )LQDOO\ WKHUHVXOWVIURPWKH&RPELQHG
0HWKRGDQGWKH/RQJ0HWKRGZHUHMRLQHGLQRQHUDWLRWDEOHZLWKILYHELQVLQPRPHQWXP
DQGWZRLQSVHXGRUDSLGLW\
:b<b7b 1 )/ . ' /$*)
,QWKHVWULSSLQJVRPHFXWVDUHDSSOLHGWRWKH J/ψ FDQGLGDWHLQRUGHUWRUHGXFHWKHUDWHDQG
WKHFRPELQDWRULDOEDFNJURXQG 7KHVHVHOHFWLRQFXWVDUHVXPPDULVHGLQ7DEOH  1RWH
WKDW FHUWDLQQHZFXWVZHUH LQWURGXFHG IURP WRZKLOHRWKHUVZHUH WLJKWHQHG
0RUHRYHU IRUWKHVWULSSLQJVHOHFWLRQ WKHFXWVRQWKHWDJPXRQZHUHDOLJQHGZLWK
WKHFXWVIRUWKH+OW6LQJOH0XRQWULJJHUOLQH ZKLFKZDVQRWWKHFDVHLQ 7KHRIIOLQH
VHOHFWLRQLVVXPPDULVHGLQ7DEOH  7RUHMHFWVSXULRXVWUDFNVZLWKDKLJKFKDQFHRI EHLQJ
,QWKHHDUO\UXQVRI WKHUHZDVDWULJJHUOLQHZKLFKFRXOGKDYHEHHQXVHG +RZHYHU WKHVHGDWDZHUH
QHYHUVWULSSHGIRUWUDFNLQJHIILFLHQF\VWXGLHV
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)LJXUH  'LVWULEXWLRQRI WUDFNVLQSVHXGRUDSLGLW\DQGPRPHQWXPIRU0XRQ77 WUDFNV
IURP J/ψ DDQGWUDFNVFRPLQJIURP B0→ J/ψK∗0 E
EDFNJURXQG FXWVZHUHDSSOLHGRQWKHSUREHPXRQ 7KHHIIHFWRI WKHRIIOLQHVHOHFWLRQDORQH
LVVKRZQLQ)LJ 
7KHVHOHFWLRQFULWHULDXVHGZDVYHU\VLPLODUIRUDQGFROOLVLRQGDWD 'LIIHUHQFHV
DUHRQO\SUHVHQWLQYDULDEOHVZKLFKGRQRWELDVWKHUHVXOW
:b<b8b / .(+' .
7KHWUDFNLQJHIILFLHQF\ZLWKWKH/RQJ0HWKRGZDVGHWHUPLQHGRQWZRGLIIHUHQWVDPSOHV
7KHIXOOGDWDVDPSOHDQGWKHIXOOGDWDVDPSOH 7KHLQWHJUDWHGOXPLQRVLWLHVRI
WKHVHVDPSOHVDUHVXPPDULVHGLQ7DEOH 
7DEOH  ,QWHJUDWHGOXPLQRVLW\XVHGIRUGHWHUPLQDWLRQVRI WUDFNLQJHIILFLHQF\RQ
DQGFROOLVLRQGDWD
'DWDW\SH ,QWHJUDWHGOXPLQRVLW\ SE−1
 
 
7KHQXPEHU IRUGDWD LV VPDOOHU WKDQ WKHFRUUHVSRQGLQJRQH IRU Z0 → µ+µ− 7KLVKDVSXUHO\
WHFKQLFDOUHDVRQVLQWKHVWULSSLQJDVQRWDOOGDWDFRXOGEHVWULSSHGIRUWKHWUDFNLQJHIILFLHQF\PHDVXUHPHQW
LQ
  
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)LJXUH  'LPXRQLQYDULDQWPDVVGLVWULEXWLRQIRUDOOORQJWUDFN²0XRQ77 WUDFNFRPEL
QDWLRQVD DQGORQJWUDFN²0XRQ77 WUDFNFRPELQDWLRQVZKHUHWKH0XRQ77
WUDFNFRXOGEHPDWFKHGWRDORQJWUDFNE 6KRZQDUHHYHQWVZLWKWKHSUREH
WUDFNLQWKHELQFRUUHVSRQGLQJWR*H9/c  p  *H9/c DQG η 

:b<b9b $/ (* '
7KHWUDFNLQJHIILFLHQF\IRU J/ψ → µ+µ− ZDVH[WUDFWHGE\ILWWLQJWKHGLPXRQPDVVVSHF
WUXPIRUDOO ORQJWUDFN²0XRQ77 WUDFNFRPELQDWLRQVDQGIRURQO\WKRVHFRPELQDWLRQV
ZKHUHWKH0XRQ77 WUDFNFRXOGEHDVVRFLDWHGWRDORQJWUDFNZLWKD χ2QGRI  7KLV
FULWHULRQHQVXUHVWKDWQRWUDFNVDUHPDWFKHGWKDWDUHJKRVWVRURWKHUZLVHYHU\SRRUO\UH
FRQVWUXFWHGVHH6HFW  IRUDIXUWKHUGLVFXVVLRQRI WKLVFXW 7KHPRGHOIRUWKHPDVV
GLVWULEXWLRQLVDVLQJOH*DXVVLDQDQGDQH[SRQHQWLDOEDFNJURXQG $QH[DPSOHLVVKRZQLQ
)LJ  IRUWKHUDQJH*H9/c  p *H9/c DQG η  7KHZLGWKRI WKH
*DXVVLDQZDVIL[HGZKHQILWWLQJWKHDVVRFLDWHGHYHQWVWRWKHYDOXHREWDLQHGZKHQILWWLQJ
DOOHYHQWV $OWKRXJKDPRUHFRPSOLFDWHGILWPRGHOZRXOGLQSULQFLSOHEHDSSURSULDWH HJ D
GRXEOH&U\VWDO%DOOIXQFWLRQ WKHVHILWVZHUHYHU\XQVWDEOHDQGVKRZHGSUREOHPVFRQYHUJ
LQJRUDWHQGHQF\IRUFHUWDLQSDUDPHWHUVWRKDYHXQSK\VLFDOYDOXHVIRU pη ELQVZLWKORZ
VWDWLVWLFV ,QWKHVHFDVHV WKHWDLORI WKHGRXEOH&U\VWDO%DOOLQFRUUHFWO\LQFRUSRUDWHVSDUWV
RI WKHEDFNJURXQG ZKLFKZLOO\LHOGDZURQJHIILFLHQF\RUZLOODWOHDVWPDNHWKHHIILFLHQF\
GLIILFXOWWRLQWHUSUHW 7RDYRLGWKHVHFRPSOLFDWLRQVDQGKDYHDFRQVLVWHQWPDVVPRGHOIRUDOO
ELQV DVLQJOH*DXVVLDQVROXWLRQZDVFKRVHQ $VRQO\UDWLRVRI HYHQW\LHOGVDUHFRQVLGHUHG
WKHHUURUIURPXVLQJDVLQJOH*DXVVLDQRQO\ODUJHO\FDQFHOV
:b<b:b # &. *) .$(0'/  /
(IILFLHQF\DQGSXULW\IRUDVVRFLDWLRQ 7KHDVVRFLDWLRQRI WKH0XRQ77 WUDFNWRWKHORQJ
WUDFNLVEDVHGRQDFRPSDULVRQEHWZHHQKLWGLVWULEXWLRQVIRUORQJWUDFNVWKDWGRDQGGRQRW
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)LJXUH  ,QYDULDQWPDVVGLVWULEXWLRQRI GLPXRQSDLUVIRUWKHWUDFNLQJHIILFLHQF\GHWHU
PLQDWLRQXVLQJ J/ψ DIWHUWKHVWULSSLQJVHOHFWLRQD DQGDIWHUWKHVWULSSLQJ
DQGRIIOLQHVHOHFWLRQE
FRUUHVSRQGWRD0XRQ77 WUDFN 7KHHIILFLHQF\DQGSXULW\RI WKLVDVVRFLDWLRQLVGHWHUPLQHG
RQVLPXODWHG J/ψ→ µ+µ− HYHQWV ZKHUHLWLVUHTXLUHGWKDWERWKPXRQVDUHUHFRQVWUXFWHG
DV ORQJ WUDFNV DQG FDQEHPDWFKHG WR WKH FRUUHVSRQGLQJ VLPXODWHGSDUWLFOHV ,W LV DOVR
UHTXLUHGWKDWWKHPXRQVDUHVWHPPLQJIURPD J/ψ  )XUWKHUPRUHD0XRQ77 WUDFNQHHGV
WREHUHFRQVWUXFWHG ,QWKLVVDPSOH WKHHIILFLHQF\LVWKHUHIRUHE\GHILQLWLRQ 7KH
PDWFKLQJHIILFLHQF\ LVGHWHUPLQHGE\ UHTXLULQJD WUDFN WRSDVV WKHDVVRFLDWLRQFULWHULRQ
LW LV ZLWKDQHJOLJLEOHXQFHUWDLQW\ 7KHSXULW\ LV DQGDOVRKDVDQHJOLJLEOH
XQFHUWDLQW\ 7KHSXULW\LVGHWHUPLQHGLQDVLPLODUZD\ E\UHTXLULQJWKDWWKHDVVRFLDWHGWUDFN
LVLGHQWLFDOWRWKHWUDFNFRPLQJIURPWKH J/ψ  $VERWKYDOXHVDUHYHU\FORVHWRRQH DQGWKH
HIIHFWFDQFHOVZKHQEXLOGLQJWKHWUDFNLQJHIILFLHQF\UDWLRLQFROOLVLRQGDWDDQGVLPXODWLRQ
WKLVLVQRWFRQVLGHUHGDQ\IXUWKHU
+LWEDVHGWUDFNLQJHIILFLHQF\LQVLPXODWLRQ $VIRU Z0→ µ+µ− GHFD\V WKHSUHVHQFH
RI V\VWHPDWLFHUURUVLQWKHWUDFNLQJHIILFLHQF\GHWHUPLQDWLRQXVLQJ J/ψ→ µ+µ− GHFD\VZDV
FKHFNHG 7KLVLVDJDLQGRQHE\FRPSDULQJWKHQXPEHUVREWDLQHGLQVLPXODWLRQZLWKWKHWDJ
DQGSUREHPHWKRG DQGGLUHFWO\IURPVLPXODWLRQZLWKWKHKLWEDVHGPHWKRG 7KHHIILFLHQF\
LVGHWHUPLQHGZLWKWKHVDPHELQQLQJVFKHPHDVXVHGLQFROOLVLRQGDWD 7KHSURMHFWLRQVDUH
VKRZQLQ)LJ  DQGWKHDJUHHPHQWLVRI WKHRUGHURI IRUHDFKELQ
$VIRUWKHHIILFLHQF\DQGSXULW\FKHFN WKLVHIIHFWFDQFHOVZKHQEXLOGLQJWKHWUDFNLQJHIIL
FLHQF\UDWLREHWZHHQFROOLVLRQGDWDDQGVLPXODWLRQ
  
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)LJXUH  &RPSDULVRQEHWZHHQWKHWUDFNLQJHIILFLHQF\GHWHUPLQHGRQVLPXODWLRQOHYHO
ZLWK WKHKLWEDVHGPHWKRG UHGGDVKHGGDWDSRLQWV DQGZLWK WKH WDJDQG
SUREHDSSURDFKEODFNVROLGGDWDSRLQWVRQDVDPSOHRI VLPXODWHG J/ψ →
µ+µ− DVKRZVWKHSURMHFWLRQLQPRPHQWXPDQGEWKHSURMHFWLRQLQSVHX
GRUDSLGLW\ %RWKPHWKRGVDJUHHZLWKLQ ≈ 
:b<b;b # &. *) *''$.$*) /
7RFKHFNSRVVLEOHV\VWHPDWLFHIIHFWVVWHPPLQJIURPWKHGLIIHUHQWPDJQHWSRODULWLHVDQG
WKHGLIIHUHQWFKDUJHRI WKHSUREHPXRQ WKHDQGWKHFROOLVLRQGDWDVDPSOHVZHUH
VSOLWLQIRXUVXEVDPSOHV HDFKFRUUHVSRQGLQJWRDVSHFLILFPDJQHWSRODULW\DQGSUREHPXRQ
FKDUJH 7KHWUDFNLQJHIILFLHQF\ZDVGHWHUPLQHGIRUWKHIXOOPRPHQWXPDQGSVHXGRUDSLGLW\
UDQJHZLWKDILWWRDOOORQJWUDFNDQG0XRQ77 WUDFNFRPELQDWLRQVDQGRQO\WKRVHZKHUH
WKH0XRQ77 WUDFNFDQEHPDWFKHGWRDORQJWUDFN 7KHUHVXOWVRI WKHVHFRPSDULVRQVDUH
VKRZQLQ7DEOH  7KHHIILFLHQFLHVIRUWKHVDPSOHDJUHHYHU\ZHOOZLWKHDFKRWKHU
+RZHYHUWKHVXEVDPSOHVZLWKXSZDUGVPDJQHWLFILHOGLQWKHGDWDWHQGWRKDYHDORZHU
HIILFLHQF\WKDQWKHRQHVZLWKDGRZQZDUGPDJQHWLFILHOG
:b<b<b  2 $"#/$)"
7KHWUDFNLQJHIILFLHQF\PDLQO\GHSHQGVRQWKUHHYDULDEOHV WKHPRPHQWXP WKHSVHXGR
UDSLGLW\DQGWKHQXPEHURI WUDFNVSHUHYHQW ,QSULQFLSOHWKHHIILFLHQF\VKRXOGWKHQEH
GHWHUPLQHGLQELQVRI DOOWKUHHYDULDEOHV +RZHYHU JLYHQWKHORZVWDWLVWLFV WKLVLVQRWIHD
VLEOH $ VLPSOLILHGDSSURDFKZDVWKHUHIRUHFKRVHQ ,QRUGHUWRKDYHWKHVDPHQXPEHURI
WUDFNVSHUHYHQWLQVLPXODWLRQDQGFROOLVLRQGDWD WKHVLPXODWHGHYHQWVDUHUHZHLJKWHGZLWK
UHVSHFWWRQXPEHURI WUDFNVSHUHYHQWWRWKHFRUUHVSRQGLQJYDOXHIURPFROOLVLRQGDWD 7KLV
DSSURDFKZDVFKRVHQDVWKLVQXPEHULVFRQVWDQWIRUDOPRVWDOORI WKHSK\VLFVDQDO\VHV 7R
DYRLGODUJHXQFHUWDLQWLHVRQWKHUHZHLJKWLQJIDFWRU RQO\ZHLJKWVZLWKDUHODWLYHXQFHUWDLQW\
RI OHVVWKDQDUHDSSOLHG RWKHUZLVHWKHZHLJKWLVVHWWRRQH 7KLVLQWURGXFHVDQHJOL
  
JLEOHELDV 7KHGLVWULEXWLRQRI WKHQXPEHURI WUDFNVSHUHYHQWIRUVLPXODWLRQ VLPXODWLRQ
DIWHUUHZHLJKWLQJ DQGGDWDLVVKRZQLQ)LJ  7KHWUDFNLQJHIILFLHQF\LVJLYHQDVWKH
UDWLREHWZHHQFROOLVLRQGDWDDQGUHZHLJKWHGVLPXODWLRQGDWDLQWKHUHPDLQLQJWZRYDULDEOHV
PRPHQWXPDQGSVHXGRUDSLGLW\ 7KHFRPSDULVRQEHWZHHQVLPXODWLRQDQGFROOLVLRQGDWD
IRUDOOWKUHHYDULDEOHVIRUWKHIXOODQGGDWDVDPSOHLVVKRZQLQ)LJ 
:b<b=b 
(+/ *! /-& ,0'$/4 0/
$VPHQWLRQHGLQ6HFW  RQO\0XRQ77 WUDFNVWKDWFDQEHPDWFKHGWRORQJWUDFNVZLWK
D χ2WUDFNQGRI DUHFRQVLGHUHGDVVRFLDWHG +RZHYHU WKH χ2 GLVWULEXWLRQRI WUDFNVLQ
FROOLVLRQGDWDDQG LQVLPXODWHGGDWD LVQRW LGHQWLFDO DQG WKHUHIRUH WKHUDWLRRI WUDFNLQJ
HIILFLHQFLHVLQFROOLVLRQGDWDDQGLQVLPXODWLRQFRXOGGHSHQGRQWKHYDOXHRI WKLVFXW ,Q
)LJ  LW LVVKRZQWKDW WKLV LVQRW WKHFDVHDV WKHUDWLRVWD\VFRQVWDQWDERYHDFXWRI
χ2WUDFNQGRI 
:b<b>b  .0'/. !*- /# *)"  /#*
7KHUHVXOWVIRUWKH/RQJ0HWKRGDUHSUHVHQWHGDVWZRGLPHQVLRQDOPDSVIRUWKHHIILFLHQF\
LQFROOLVLRQGDWDDQGWKHUDWLREHWZHHQWKHHIILFLHQF\LQFROOLVLRQGDWDDQGLQVLPXODWLRQ VHH
)LJ  )RUDOPRVWDOOELQVWKHUDWLRLVFORVHWRRQH PHDQLQJWKDWWKHWUDFNLQJHIILFLHQF\
LQVLPXODWLRQLVDJRRGDSSUR[LPDWLRQIRUWKHWUDFNLQJHIILFLHQF\LQFROOLVLRQGDWD 1RWH
WKDWWKHWZRELQVIRUORZPRPHQWXPKLJKSVHXGRUDSLGLW\DQGKLJKPRPHQWXPORZ
SVHXGRUDSLGLW\VKRZODUJHGHYLDWLRQVIURPRQH 7KHDPRXQWRI VWDWLVWLFVXVHGWRGHWHUPLQH
WKHHIILFLHQF\LQWKHVHELQVLVYHU\ORZDOVRFRPSDUHWKLVWRWKHGLVWULEXWLRQLQ)LJ 
DQGWKHUHIRUHQRSUHFLVHVWDWHPHQWDERXWWKHWUDFNLQJHIILFLHQF\FDQEHPDGH 0RVWRI WKH
DQDO\VHVLQ/+&EGRQRWKDYHDODUJHIUDFWLRQRI WKHLUVLJQDOHYHQWVLQWKLVUHJLRQVRWKH
LPSDFWRQWKHILQDOSUHFLVLRQLVQRWVXEVWDQWLDO
:b<b?b '0'/$*) *! 0) -/$)/$ .
7ZRW\SHVRI XQFHUWDLQWLHVQHHGWREHFDOFXODWHG RQHRQWKHHIILFLHQF\DQGRQHRQWKH
HIILFLHQF\UDWLREHWZHHQVLPXODWLRQDQGFROOLVLRQGDWD
8QFHUWDLQW\RQWKHHIILFLHQF\ 7KHXQFHUWDLQW\RQWKHHIILFLHQF\FRQVLVWVRI WKUHHSDUWV
DQXQFHUWDLQW\RQWKHQXPEHURI DVVRFLDWHGWUDFNVFRUUHVSRQGLQJWRWKHVLJQDOHYHQWV DQ
XQFHUWDLQW\RQWKHQXPEHURI EDFNJURXQGHYHQWV DQGDQXQFHUWDLQW\RQWKHQXPEHURI
DVVRFLDWHGEDFNJURXQGHYHQWV 7KHWRWDOQXPEHURI HYHQWVGRHVQRWKDYHDQXQFHUWDLQW\
E\FRQVWUXFWLRQ
7KHXQFHUWDLQW\RQWKHHIILFLHQF\FDQEHFDOFXODWHGXVLQJRQO\WKHWRWDODQGDVVRFLDWHGQXP
EHURI VLJQDOHYHQWVDQGWKHLUUHVSHFWLYHXQFHUWDLQWLHV +RZHYHUDGLIIHUHQWDSSURDFKZDV
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)LJXUH  &RPSDULVRQEHWZHHQWKHWUDFNLQJHIILFLHQF\LQWKHVLPXODWLRQUHGGDVKHGGDWD
SRLQWVDQGLQFROOLVLRQGDWDEODFNVROLGGDWDSRLQWVZLWKWKH/RQJ0HWKRG
LQWKHPRPHQWXPD E WKHSVHXGRUDSLGLW\F GDQGWKHQXPEHURI
WUDFNVH I 7KHOHIWFROXPQFRUUHVSRQGVWRFROOLVLRQGDWD WKHULJKW
WRFROOLVLRQGDWD
  
tracks / event
0 200 400 600
pro
ba
bil
ity
0
0.02
0.04
0.06
0.08
0.1
0.12
D
tracks / event
0 200 400 600
pro
ba
bil
ity
0
0.02
0.04
0.06
0.08
0.1
0.12
E
)LJXUH  &RPSDULVRQEHWZHHQ QRUPDOLVHGGLVWULEXWLRQRI  WUDFNVSHU HYHQW IRU WKH
VLPXODWHGVDPSOHEOXH WKHUHZHLJKWHGVLPXODWHGVDPSOHUHGDQGWKHGDWD
VDPSOH EODFN IRUFROOLVLRQGDWD DDQGFROOLVLRQGDWD E 7KH
GURSRII DWDERXWWUDFNVSHUHYHQWLQWKHUHZHLJKWHGVLPXODWHGVDPSOHVLV
GXHWRWKHFXWRQWKHUHODWLYHXQFHUWDLQW\RI WKHZHLJKW
 / ndof 2χ
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)LJXUH  5DWLREHWZHHQWUDFNLQJHIILFLHQF\RQFROOLVLRQGDWDDQGVLPXODWLRQDVDIXQF
WLRQRI WKHDSSOLHG χ2QGRI FXWRQWKHWUDFNDVVRFLDWHGWRWKH0XRQ77 WUDFN
7KHUHGVROLGOLQHFRUUHVSRQGVWRWKHGDWDZKLOHWKHGDVKHGEOXHOLQHLV
WKHGDWD
  
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)LJXUH  7UDFNLQJHIILFLHQF\PHDVXUHGXVLQJWKH/RQJ0HWKRGDVDIXQFWLRQRI PR
PHQWXPDQGSVHXGRUDSLGLW\IRUFROOLVLRQGDWDDDQGFROOLVLRQGDWD
E )LJXUHVFDQGGVKRZWKHUDWLREHWZHHQWKHWUDFNLQJHIILFLHQF\LQFRO
OLVLRQGDWDDQGLQUHZHLJKWHGVLPXODWLRQIRUFDQGGZLWKWKH
/RQJ0HWKRG 7KHWZRELQVIRUKLJK η DQGORZPRPHQWXP ORZ η DQGKLJK
PRPHQWXP UHVSHFWLYHO\ VXIIHU IURPVPDOO VWDWLVWLFVDQGWKHUHIRUHZLOOQRW
FRUUHFWO\UHSURGXFHWKHWUDFNLQJHIILFLHQF\UDWLR
  
FKRVHQ $VWKH&RPELQHG0HWKRGVHH6HFW XVHVD©VLPSOHVLGHEDQGVXEWUDFWLRQª
WRGHWHUPLQHWKHQXPEHURI VLJQDOHYHQWV DPHWKRGZDVGHYHORSHGIRUWKH/RQJ0HWKRG
WRDGDSWWKHVDPHSURFHGXUH VWDUWLQJIURPUHVXOWVRI WKHILWWRWKHLQYDULDQWPDVVGLVWULEX
WLRQ ,QWKHVLGHEDQGVXEWUDFWLRQ NQRZLQJWKHQXPEHURI HYHQWVLQWKHVLJQDOZLQGRZ
nWRW FRQWDLQLQJEDFNJURXQGDQGVLJQDODQGLQWKHVLGHEDQGV nENJ FRQWDLQLQJEDFNJURXQG
RQO\DOORZVWKHFDOFXODWLRQRI DOOWKUHHXQFHUWDLQWLHVQHHGHGIRUWKHWUDFNLQJHIILFLHQF\
7KHXQFHUWDLQW\RQWKHVLJQDOFDQEHXVHGWRGHULYH nWRW 7KHLQYDULDQWPDVVUDQJHLVE\
GHILQLWLRQWZLFHWKHVL]HRI WKHVLJQDOZLQGRZLQDVLGHEDQGVXEWUDFWLRQDQGFDQEHZULWWHQ
DV
σVLJ =
√
nVLJ + 2 · nENJ. 
7KHWRWDOQXPEHURI HYHQWVLQWKHVLJQDOZLQGRZLVWKHQ nWRW = 12(σ
2
VLJ+nVLJ) )XUWKHUPRUH
WKHQXPEHURI EDFNJURXQGHYHQWVLV nENJ = nWRW − nVLJ
6WDUWLQJIURPWKHQXPEHURI DVVRFLDWHGVLJQDODQGEDFNJURXQGHYHQWV WKHWKUHHXQFHU
WDLQWLHVZHUHWKHQFDOFXODWHG 7KH)HOGPDQQ&RXVLQVPHWKRG >@ZLWKDFRQILGHQFH
OHYHOZDVXVHGLI WKHFRUUHVSRQGLQJQXPEHUVZHUHVPDOODQGWKHYDOXHVZHUHFORVHWRWKH
ERXQGDULHV 7KHELQRPLDOHUURUZLWKDFRQILGHQFHOHYHOEDVHGRQD*DXVVLDQGLVWUL
EXWLRQZDVXVHGRWKHUZLVH
σHII ELQRP =
√
nVLJ DVVRF(1− nVLJ DVVRFnVLJ WRW )
nVLJ WRW
, 
ZKHUH nWRW LVWKHWRWDOQXPEHURI HYHQWVDQG nDVVRF LVWKHQXPEHURI HYHQWVZKHUHD0XRQ77
WUDFNFDQEHPDWFKHGWRDORQJWUDFN 7KHELQRPLDOXQFHUWDLQW\IRUWKHEDFNJURXQGLVGH
ILQHGOLNHZLVH 1RWHWKDWWKH)HOGPDQQ&RXVLQVPHWKRGUHWXUQVDV\PPHWULFXQFHUWDLQWLHV
ZKLOHWKHELQRPLDOXQFHUWDLQW\LVV\PPHWULFE\FRQVWUXFWLRQ 7KHWRWDOXSSHUDQGORZHU
XQFHUWDLQW\FDQWKHQEHFDOFXODWHGDV
σHII XS =
√
σ2VLJ DVVRF XS + σ
2
ENJ WRW XS + σ
2
ENJ DVVRF ORZ 
σHII ORZ =
√
σ2VLJ DVVRF ORZ + σ
2
ENJ WRW ORZ + σ
2
ENJ DVVRF XS. 
ZKHUH σVLJ DVVRFWRW XSGRZQ GHQRWHWKHXQFHUWDLQWLHVVWHPPLQJIURPWKHXSSHUORZHUXQ
FHUWDLQW\RQWKHWRWDODVVRFLDWHGQXPEHURI VLJQDOHYHQWVDQG σENJ DVVRFWRW XSGRZQ WKH
FRUUHVSRQGLQJXQFHUWDLQWLHVVWHPPLQJIURPWKHXQFHUWDLQWLHVIRUWKHEDFNJURXQGHYHQWV
,QDQLQYDULDQWPDVVGLVWULEXWLRQZLWKDVLJQDOSHDNDQGDOLQHDUEDFNJURXQG WKHEDFNJURXQGFDQEHVWD
WLVWLFDOO\VXEWUDFWHGE\GHWHUPLQLQJWKHDPRXQWRI EDFNJURXQGLQDVLGHEDQGOHIWDQGULJKWRI WKHSHDN
ZKHUHHDFKVLGHEDQGKDVKDOI WKHVL]HRI WKHVLJQDOZLQGRZ 7KHQXPEHURI VLJQDOHYHQWVLVWKHQWKHWRWDO
QXPEHURI HYHQWVLQWKHVLJQDOZLQGRZPLQXVWKHEDFNJURXQGHYHQWVLQERWKVLGHEDQGV
7KHPHWKRGVDUHPDWKHPDWLFDOO\HTXLYDOHQW
  
7KHXQFHUWDLQW\LVFRQVWUXFWHGVXFKWKDWLWWDNHVLQWRDFFRXQWWKHWRWDOSRVVLEOHIOXFWXDWLRQ
IRUWKHQXPEHURI DVVRFLDWHGDQGWRWDOEDFNJURXQGHYHQWV
  
8QFHUWDLQW\RQWKHHIILFLHQF\UDWLR 7KHXQFHUWDLQW\RQWKHUDWLR r EHWZHHQWKHHIIL
FLHQF\LQFROOLVLRQGDWDDQGLQVLPXODWLRQLVFDOFXODWHGXVLQJWKHIRUPXOD
σU XS =
√(
σGDWD HII XS
εVLP
)2
+
(
r · σVLP HII ORZ
εVLP
)2

σU ORZ =
√(
σGDWD HII ORZ
εVLP
)2
+
(
r · σVLP HII XS
εVLP
)2

$QDYHUDJHXQFHUWDLQW\LVWKHQFDOFXODWHGXVLQJWKHVHUHVXOWVDQGDVVLJQHGDVDVWDWLVWLFDO
XQFHUWDLQW\WRWKHWUDFNLQJHIILFLHQF\PHDVXUHPHQWPDGHZLWKWKH/RQJ0HWKRG
7DEOH  &RQVLVWHQF\FKHFNVIRUWKHWUDFNLQJHIILFLHQF\PHDVXUHPHQWIRUORZWUDQVYHUVH
PRPHQWXPWUDFNVIRUGLIIHUHQWFKDUJHVRI WKHSUREHPXRQDQGGLIIHUHQWGLUHF
WLRQVRI WKHPDJQHWLFILHOG
'DWD7\SH 0DJQHWLFILHOG &KDUJHRI SUREH (IILFLHQF\>@
GDWD
XS SRVLWLYH 93.2
+1.5
−1.7
QHJDWLYH 94.4± 1.5
GRZQ SRVLWLYH 97.8± 2.0
QHJDWLYH 98.7+1.3−1.7
GDWD
XS SRVLWLYH 97.0± 0.1
QHJDWLYH 97.0± 0.2
GRZQ SRVLWLYH 96.8± 0.1
QHJDWLYH 96.8± 0.1
  
7DEOH  6HOHFWLRQFXWVDSSOLHGRQWKH J/ψ UHVRQDQFHLQWKHVWULSSLQJIRUWKHWUDFNLQJ
HIILFLHQF\PHDVXUHPHQWRQDQGGDWD 7KHWLJKWHUFXWVLQGDWDDUH
GXHWRWLJKWHUUHTXLUHPHQWVLQWKHVWULSSLQJ DVVWULFWHUWLPLQJDQGUDWHFRQGLWLRQV
ZHUHLPSRVHG
9DULDEOH 9DOXH 9DOXH
p WDJPXRQ ² !· 0H9/c
p7 WDJPXRQ ! 0H9/c ! 0H9/c
χ2WUDFNQGRI WDJPXRQ  
LV0XRQWDJPXRQ WUXH WUXH
'//µpi WDJPXRQ ! !
,3PLQ WDJPXRQ ² ! PP
χ2,3 ² !
J/ψ χ2YW[QGRI  
J/ψ PDVVZLQGRZ  0H9/c2  0H9/c2
J/ψ p7 ! 0H9/c ! 0H9/c
J/ψ ,3PLQ ²  PP
3UHVFDOH  
:b=b '/ -)/$1 ( /#* /* ( .0- /# /-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4 !*- '*)" /-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,QVWHDGRI FRQVWUXFWLQJD0XRQ77 WUDFNWRPHDVXUHWKHWUDFNLQJHIILFLHQF\ZLWKWKHWDJ
DQGSUREHDSSURDFKLQRQHJR WKHPHDVXUHPHQWFDQDOVREHVSOLWXSLQWZRVHSDUDWHSDUWV
DPHDVXUHPHQWRI WKH9(/2 WUDFNLQJHIILFLHQF\9(/2 0HWKRGDQGDPHDVXUHPHQWRI
WKH7 VWDWLRQ WUDFNLQJHIILFLHQF\ 7 6WDWLRQ0HWKRG %RWKPHWKRGVXVH WDJDQGSUREH
VHSDUDWHO\ %\FRPELQLQJWKHVHWZRUHVXOWV WKHHIILFLHQF\WRUHFRQVWUXFWDORQJWUDFNFDQ
EHFDOFXODWHG 7KLVLVNQRZQDVWKH&RPELQHG0HWKRG
:b=b7b  /-&$)"  !!$$ )4
7RGHWHUPLQHWKHWUDFNLQJHIILFLHQF\RI WKH9(/2RQHFDQXVHSUREHWUDFNVZLWKVHJPHQWV
LQWKH77 DQGWKH7 VWDWLRQV FDOOHGGRZQVWUHDPWUDFNVVHH6HFW  +RZHYHU LQWKH
VWDQGDUGWUDFNUHFRQVWUXFWLRQ WKHGRZQVWUHDPWUDFNLVQRWVWRUHGRQGLVNLI DORQJWUDFNLV
SUHVHQWWKDWVKDUHVPRUHWKDQRI WKHKLWVLQ77 DQGWKH7 VWDWLRQVZLWKWKHGRZQVWUHDP
,3PLQ LVWKHVPDOOHVWLPSDFWSDUDPHWHUZLWKUHVSHFWWRDOOUHFRQVWUXFWHGSULPDU\YHUWLFHVLQWKHHYHQW
  
7DEOH  2IIOLQHVHOHFWLRQFXWVDSSOLHGIRUWKH J/ψ UHVRQDQFHIRUWKHWUDFNLQJHIILFLHQF\
PHDVXUHPHQWRQDQGGDWD 7KHFXWVRQWKHSUREHPXRQDUHIRU
WKHUHMHFWLRQRI VSXULRXVWUDFNVZKLFKZRXOGKDYHDKLJKSUREDELOLW\RI EH
LQJEDFNJURXQG 2QO\DGGLWLRQDORUWLJKWHUFXWVZLWKUHVSHFWWR7DEOH  DUH
PHQWLRQHG
9DULDEOH 9DOXH 9DOXH
p WDJPXRQ !· 0H9/c !· 0H9/c
p7 WDJPXRQ ! 0H9/c ! 0H9/c
χ2WUDFNQGRI WDJPXRQ  
p SUREHPXRQ ! 0H9/c ! 0H9/c
p7 SUREHPXRQ ! 0H9/c ! 0H9/c
J/ψ χ2YW[QGRI  
J/ψ ,3PLQ  PP  PP
 J/ψ FDQGLGDWHVHYHQW  
WUDFN 7KHUHIRUHWKHGRZQVWUHDPWUDFNILQGLQJQHHGVWREHUHGRQHWRREWDLQWKHIXOOVDPSOH
RI SUREHWUDFNV $VIRUWKH/RQJ0HWKRGWKHWDJWUDFNQHHGVWRKDYHFDXVHGWKHWULJJHU
GHFLVLRQ LQ+/7 DQG+/7 LQ RUGHU QRW WR EHELDVHGE\ WKH WULJJHU )XUWKHUPRUH D
VHOHFWLRQLQWKHVWULSSLQJDQGRIIOLQHLVDSSOLHGWRVHOHFW J/ψ→ µ+µ− GHFD\VPRUHGHWDLOV
FDQEHIRXQGLQ5HI >@ ZKHUHWKHQXPEHURI UHFRQVWUXFWHG J/ψ LVGHWHUPLQHGXVLQJ
DVLPSOHVLGHEDQGVXEWUDFWLRQ 7KHGRZQVWUHDPWUDFNLVFRQVLGHUHGDVVRFLDWHGWRDORQJ
WUDFNLI ERWKWUDFNVVKDUHPRUHWKDQRI WKHLUKLWVLQ77 DQGWKH7 VWDWLRQV
:b=b8b  .//$*) /-&$)"  !!$$ )4
,QVWHDGRI H[FOXGLQJWKH9(/2 LQWKHORQJWUDFNILQGLQJ RQHFDQDOVRH[FOXGHWKH7 VWD
WLRQV 7KHFDORULPHWHUVRUWKHPXRQV\VWHPWKHQVHUYHDVDWUDFNLQJVWDWLRQGRZQVWUHDP
RI WKHPDJQHW :KLOHWKHILUVWRQHLVXVHGLQHIILFLHQF\GHWHUPLQDWLRQVZLWKK06 → pi+pi−
WKHODWWHULVXVHGZLWK J/ψ → µ+µ− GHFD\V %RWKDOJRULWKPVDUHH[SODLQHGLQ5HI >@
EXWRQO\WKHRQHIRU J/ψ → µ+µ− ZLOOEHGHVFULEHGKHUHDVWKLVRQHDOORZVWKHFRPEL
QDWLRQZLWKWKH9(/2 0HWKRGDQGWKHFRPSDULVRQZLWKWKH/RQJ0HWKRG 7KHPXRQ
WUDFNVDUHIRXQGE\DQDOJRULWKPVLPLODUWRWKHRQHXVHGWRFRQVWUXFW0XRQ77 WUDFNVVHH
5HI >@IRUWKHRULJLQDODOJRULWKP ZKLOHWKH9(/2 WUDFNVDUHIRXQGE\WKHVWDQGDUG
9(/2 SDWWHUQUHFRJQLWLRQ 7KH9(/2 DQGWKHPXRQVHJPHQWDUHWKHQH[WUDSRODWHGWR
WKHFHQWUDOSODQHRI WKHPDJQHWLFILHOGWRPHDVXUHWKHLUGLVWDQFHLQ x DQGWR0WRPHDVXUH
WKHLUGLVWDQFHLQ y 7KHODWWHUSRVLWLRQZDVFKRVHQDVWKHH[WUDSRODWLRQHUURUIRU9(/2
WUDFNVGXHWRPXOWLSOHVFDWWHULQJLVVPDOOHUWKDQWKHRQHIRUPXRQWUDFNV 7KHFRPSDWLELOLW\
  
EHWZHHQ9(/2 DQGPXRQVHJPHQWLVWKHQFKHFNHGXVLQJDZHLJKWHGTXDGUDWLFVXPIRU
WKHLQGLYLGXDOGLVWDQFHVLQWKH xDQG y GLUHFWLRQV $VIRUGRZQVWUHDPWUDFNVLQWKH9(/2
0HWKRG WKH9(/2 SDWWHUQUHFRJQLWLRQKDVWREHUHGRQH DVWKHVHWUDFNVDUHQRWNHSWZKHQ
WKH\VHUYHDVDVHHGIRUDORQJWUDFN
7KH ORQJWUDFNDQGWKH9(/2PXRQWUDFNDUH WKHQFRPELQHGWRSHUIRUPWKH WDJDQG
SUREHDSSURDFKLQ J/ψ→ µ+µ− GHFD\VZLWKVLPLODUVHOHFWLRQVDQGWULJJHUUHTXLUHPHQWVDV
IRUWKH9(/20HWKRG ZKHUHDVLPSOHVLGHEDQGVXEWUDFWLRQLVDJDLQXVHGWRGHWHUPLQHWKH
QXPEHURI J/ψ  7KH9(/2PXRQWUDFNLVFRQVLGHUHGDVVRFLDWHGWRDORQJWUDFNLI ERWK
WUDFNVVKDUHWKHVDPHKLWVLQWKH9(/2 DQGDWOHDVWWZRKLWVLQWKHPXRQVWDWLRQV 7KH
9(/2 SDWWHUQUHFRJQLWLRQSUHYHQWVWKHFRQVWUXFWLRQRI WZR9(/2 WUDFNVZKLFKVKDUH
PRUHWKDQRI WKHKLWV )XUWKHUPRUH D ORQJ WUDFNKDV WKH VDPH9(/2 KLWV DV LWV
9(/2 VHHG ERWKSURSHUWLHVHQVXUH WKDWYLD WKHPDWFKLQJFRQGLWLRQ LQ WKH9(/2WKH
VDPH9(/2 WUDFNVHJPHQWLVXVHGIRUWKHORQJWUDFNDQGWKH9(/2PXRQWUDFN
:b>b *($)  - .0'/. !*- '*2 /-).1 -. 
(*( )/0( /-&.
7KHHIILFLHQFLHVREWDLQHGZLWKWKH9(/20HWKRGDQGWKH7 6WDWLRQ0HWKRGDUHPXOWLSOLHG
WRJHWKHU WRREWDLQ WKH HIILFLHQF\ WR UHFRQVWUXFW ORQJ WUDFNV &RPELQHG0HWKRG 7KLV
HIILFLHQF\FDQWKHQEHFRPSDUHGZLWKWKHUHVXOWIURPWKH/RQJ0HWKRG $OWKRXJKERWK
HIILFLHQFLHVDUHFRQVWUXFWHGLQDVLPLODUZD\ DSHUIHFWDJUHHPHQWLVQRWH[SHFWHGDVWKH/RQJ
0HWKRGDQGWKH9(/2 0HWKRGIRUH[DPSOHPHDVXUHE\FRQVWUXFWLRQWKHHIILFLHQF\IRU
WUDFNVLQWKHDFFHSWDQFHRI WKH77ZKLOHWKH7 6WDWLRQ0HWKRGGRHVQRW 8VLQJWKHUDWLR
RI HIILFLHQFLHVLQFROOLVLRQGDWDDQGVLPXODWLRQ KRZHYHU ODUJHO\FDQFHOVWKHVHHIIHFWV 7KH
HIILFLHQFLHVIURPWKH/RQJDQGWKH&RPELQHG0HWKRGDUHFRPELQHGXVLQJWKHZHLJKWHG
DYHUDJHLQHDFKSVHXGRUDSLGLW\DQGPRPHQWXPELQ rORQJWUDFN
rORQJWUDFN =
r/RQJ0HWKRG · σ2&RPELQHG0HWKRG + r&RPELQHG0HWKRG · σ2/RQJ0HWKRG
σ2/RQJ0HWKRG + σ
2
/RQJ0HWKRG
, 
ZLWK σ/RQJ0HWKRG DQG σ&RPELQHG0HWKRG WKHXQFHUWDLQW\RQWKHUDWLREHWZHHQFROOLVLRQGDWDDQG
VLPXODWLRQIRUWKH/RQJ0HWKRGDQGWKH&RPELQHG0HWKRGUHVSHFWLYHO\
7KHVWDWLVWLFDOXQFHUWDLQW\RQWKHWUDFNLQJHIILFLHQF\UDWLRFDQWKHQEHFDOFXODWHGXVLQJVWDQ
GDUGHUURUSURSDJDWLRQ
σrORQJWUDFN,VWDW =
σ/RQJ0HWKRG · σ&RPELQHG0HWKRG√
σ2/RQJ0HWKRG + σ
2
&RPELQHG0HWKRG
. 
  
)XUWKHUPRUH WKHGLIIHUHQFHRI WKHLQGLYLGXDOPHWKRGVZLWKUHVSHFWWRWKHLUZHLJKWHGDY
HUDJH QRWDOUHDG\EHLQJWDNHQLQWRDFFRXQWLQWKHLUUHVSHFWLYHVWDWLVWLFDOXQFHUWDLQWLHV LV
DGGHGDVDV\VWHPDWLFXQFHUWDLQW\
σ2rORQJWUDFN,V\V =
(
r/RQJ0HWKRG − rORQJWUDFN
)2
+
(
r&RPELQHG0HWKRG − rORQJWUDFN
)2 
−σ2/RQJ0HWKRG − σ2&RPELQHG0HWKRG
7KHWRWDOXQFHUWDLQW\LVJLYHQDVWKHTXDGUDWLFVXPRI ERWKXQFHUWDLQWLHV
σrORQJWUDFN =
√
σ2rORQJWUDFN,VWDW + σ
2
rORQJWUDFN,V\V 
:b>b7b $/$*)' .4./ (/$  !! /.
7KHUHZHLJKWLQJRI WKHVLPXODWLRQVDPSOHLVGRQHLQQXPEHURI WUDFNV QXPEHURI SUL
PDU\YHUWLFHVRUQXPEHURI KLWVLQGLIIHUHQWVXEGHWHFWRUVWRHYDOXDWHV\VWHPDWLFHIIHFWV7KH
ODUJHVWGLIIHUHQFHDULVLQJLQWKLVSURFHGXUHLV ZKLFKLVWDNHQDVWKHV\VWHPDWLFXQFHU
WDLQW\RI WKHILQDOUDWLR 7KHWRWDOXQFHUWDLQW\LVWKDWJLYHQE\(T  SOXV DGGHGLQ
TXDGUDWXUH
:b>b8b  .0'/.
7KHUHVXOWVIURPWKHFRPELQDWLRQRI WKH/RQJ0HWKRGDQGWKH&RPELQHG0HWKRGDUH
VKRZQLQ)LJ  DVWZRGLPHQVLRQDOPDSVELQQHGLQPRPHQWXPDQGSVHXGRUDSLGLW\ $V
ZLWKWKH/RQJ0HWKRGDORQH DOPRVWDOOELQVVKRZDUDWLRFORVHWRRQHZKLFKPHDQVWKDW
WKHWUDFNLQJHIILFLHQF\LQVLPXODWLRQDQGLQFROOLVLRQGDWDLVFRPSDUDEOH
:b>b9b - (../-#'0)" ) #-*)$ $)/ -/$*).
7KHWUDFNLQJHIILFLHQF\SUHVHQWHGLQWKLVWKHVLVLVVWULFWO\VSHDNLQJWKHHIILFLHQF\WRUHFRQ
VWUXFWDPXRQDVDORQJWUDFNJLYHQDVWDQGDORQHWUDFNLQWKHPXRQV\VWHP :KLOHLWKDV
EHHQVKRZQLQVLPXODWLRQWKDWWKLVPHWKRGUHSURGXFHVWKHWUDFNLQJHIILFLHQF\ZLWKWKHKLW
EDVHGPHWKRGGHILQLWLRQIRUPXRQVZLWKDJRRGSUHFLVLRQ WKLVLVQRWQHFHVVDULO\WKHFDVH
IRURWKHUSDUWLFOHV
7KHHIIHFWRI EUHPVVWUDKOXQJZLOOSOD\DUROHIRUHOHFWURQV 7KLVLVWKHGRPLQDQWVRXUFH
RI HQHUJ\ORVVIRUWKLVW\SHRI SDUWLFOHDQGLWFDQOHDGWRNLQNVLQLWVIOLJKWSDWKZKLFKZLOO
UHGXFHWKHTXDOLW\RI WKHWUDFNRUHYHQUHQGHULWLPSRVVLEOHWRUHFRQVWUXFW
7KHGRPLQDQW HIIHFW IRUKDGURQV DUHKDGURQLF LQWHUDFWLRQV $V VHHQ LQ6HFW  WKLV
RIWHQUHVXOWVLQLQHODVWLFVFDWWHULQJVLQFOXGLQJWKHORVVRI WKHLQLWLDOKDGURQ $ VLPXODWLRQRI
B0→ J/ψK∗0 GHFD\VVKRZVWKDWDERXWRI WKHWUDFNVIURPNDRQVDQGDERXWRI
,WLVVHWWR]HURLI WKHGLIIHUHQFHLVFRYHUHGE\WKHVWDWLVWLFDOXQFHUWDLQWLHV
  
0.9
0.92
0.94
0.96
0.98
1
1.02
1.04
momentum [GeV/c]10
210
η
2
2.5
3
3.5
4
4.5
 0.032±
0.951
 0.013±
0.995
 0.011±
1.004
 0.014±
1.041
 0.093±
0.969
 0.068±
0.997
 0.021±
1.019
 0.014±
0.993
 0.012±
1.002
 0.018±
1.020
D
0.9
0.92
0.94
0.96
0.98
1
1.02
1.04
momentum [GeV/c]10
210
η
2
2.5
3
3.5
4
4.5
 0.005±
1.015
 0.002±
0.998
 0.002±
1.003
 0.006±
1.023
 0.050±
1.103
 0.026±
0.989
 0.005±
1.020
 0.002±
1.005
 0.002±
1.017
 0.006±
1.015
E
)LJXUH  DDQGEVKRZWKHFRPELQHGUDWLREHWZHHQWKHWUDFNLQJHIILFLHQF\LQFROOLVRQ
GDWDDQGLQUHZHLJKWHGVLPXODWLRQGHWHUPLQHGZLWKWKH/RQJ0HWKRGDQG
WKH&RPELQHG0HWKRGIRUDQGGDWD UHVSHFWLYHO\ 7KHDGGLWLRQDO
V\VWHPDWLFXQFHUWDLQW\RI  DVGHVFULEHGLQ6HFW  LVQRWLQFOXGHGLQ
WKHTXRWHGXQFHUWDLQWLHV
WKHWUDFNVIURPSLRQVFDQQRWEHUHFRQVWUXFWHGEHFDXVHWKHSDUWLFOHVXQGHUZHQWDKDGURQLF
LQWHUDFWLRQEHIRUHWKH7 VWDWLRQV
$OWKRXJKWKHVHHIIHFWVDUHQRWPHDVXUHGZLWKWKHSUHVHQWHGWUDFNLQJHIILFLHQF\GHWHUPLQD
WLRQ WKHLUDUHDFFRXQWHGIRULQWKHVLPXODWLRQ 7KHFRUUHVSRQGLQJWUDFNLQJHIILFLHQFLHVFDQ
WKHUHIRUHEHREWDLQHGIURPVLPXODWHGVDPSOHV $GGLWLRQDOXQFHUWDLQWLHV KRZHYHU DUHWKH
WRWDODPRXQWRI UHOHYDQWPDWHULDOLQWKHGHWHFWRU ZKLFKLVRQO\NQRZQXSWR DQGWKH
FURVVVHFWLRQVRI WKHKDGURQLFLQWHUDFWLRQV 7RDFFRXQWIRUWKHVHHIIHFWV DQXQFHUWDLQW\RI
WRLVDGGHGIRUWKHWUDFNLQJHIILFLHQF\REWDLQHGIURPVLPXODWLRQIRUKDGURQV
  
;b # *- /$' $)/-*0/$*) /*
B0→ K∗0µ+µ−
;b7b B0→ K∗0µ+µ−] ) $)/-$"0$)"  4
7KHUDUHGHFD\B0→ K∗0µ+µ− LVDIODYRXUFKDQJLQJQHXWUDOFXUUHQWGHFD\ DQGWKHUHIRUH
FDQRQO\SURFHHGYLDORRSGLDJUDPVLQWKH6WDQGDUG0RGHO VHH&KDS  7KLVIDFWPDNHV
WKLVGHFD\SDUWLFXODUO\LQWHUHVWLQJDV©QHZªSK\VLFV FDQHQWHUDWWKHVDPHOHYHODV6WDQGDUG
0RGHOSK\VLFV 7KUHH)H\QPDQGLDJUDPVFRQWULEXWHDW ORZHVWRUGHU WR B0 → K∗0,,
ZLWK , GHQRWLQJDOHSWRQ LQWKH6WDQGDUG0RGHO $QHOHFWURPDJQHWLFSHQJXLQGLDJUDP H[
FKDQJLQJDSKRWRQ DZHDNSHQJXLQGLDJUDP H[FKDQJLQJD Z0 ERVRQ DQGDER[GLDJUDP
H[FKDQJLQJWZR Ws 7KHVHGLDJUDPVDUHVKRZQLQ)LJ  )XUWKHUPRUH DVXSHUV\P
PHWULFGLDJUDPWKDWFRXOGFRQWULEXWHWRWKHGHFD\LVVKRZQ 7KHGLIIHUHQW6WDQGDUG0RGHO
GLDJUDPVFRQWULEXWLQJWRWKHGHFD\PDNHLWSDUWLFXODUO\LQWHUHVWLQJ 7KLVLVLQFRQWUDVWWR
HJ B0→ K∗0γ ZKLFKFDQRQO\SURFHHGYLDDQHOHFWURPDJQHWLFSHQJXLQ
7KHGHFD\ B0→ K∗0µ+µ− ZDVILUVWREVHUYHGLQDW%D%DU >@DQGVLQFHWKHQKDV
EHHQIXUWKHUDQDO\VHGE\%D%DU >@ %HOOH >@DQG&') >@
$ ODUJHDPRXQWRI OLWHUDWXUHDERXWB0→ K∗0,, DQGB0→ K∗0µ+µ− H[LVWVDQGWKLVFKDS
WHUZLOORQO\JLYHDEULHI LQWURGXFWLRQWRWKHPRVWUHOHYDQWDVSHFWVRI WKLVWKHVLV )RUPRUH
GHWDLOHGLQIRUPDWLRQ 5HIV >@ >@ >@ >@ >@ >@ >@VKRXOGEHFRQVLGHUHG
;b8b  4 /*+*'*"4
:LWKDGHFD\OHQJWK cτ = 457.2µP WKH B0 KDVDFRPSDUDEO\ORQJOLIHWLPH 7DNLQJDOVR
WKH/RUHQW]ERRVWLQWRDFFRXQW WKH B0 XVXDOO\WUDYHOVVRPHPLOOLPHWUHVIURPLWVFUHDWLRQ
WRLWVGHFD\ZKHQSURGXFHGDWDSURWRQSURWRQFROOLVLRQDWWKH/+&7KLVHQDEOHVWKHWUDFN
UHFRQVWUXFWLRQWRFOHDUO\VHSDUDWHWKHGHFD\YHUWH[RI WKHB0 IURPWKHSULPDU\YHUWH[ 7KH
K∗0 KRZHYHURQO\KDVD OLIHWLPHRI τ ≈ !Γ = 10−23VDQGWKHUHIRUHGHFD\VLQVWDQWO\ LQ
WHUPVRI UHFRQVWUXFWLRQLQD K+ DQGD pi− 7KHGHFD\ B0 → K∗0µ+µ− WKXVPDQLIHVWV
LWVHOI DVDIRXUSURQJGHFD\ZLWKDVHFRQGDU\YHUWH[GLVSODFHGIURPWKHSULPDU\
,I QRWVWDWHGRWKHUZLVH WKH CP FRQMXJDWHGGHFD\VDUHLPSOLHGWKURXJKRXWWKLVWKHVLV
1HZSK\VLFVUHIHUVWRDQ\SURFHVVZKLFKSURFHHGVLQZD\VQRWSUHGLFWHGLQWKH6WDQGDUG0RGHO
,I QHZSK\VLFVZRXOGHQWHUDWWKHWUHHOHYHO LWZRXOGKDYHEHHQVHHQEHIRUHXQOHVVVWURQJO\VXSSUHVVHG
FRXSOLQJVDQGYHU\KHDY\SDUWLFOHVZRXOGEHSUHVHQWLQWKHLQWHUDFWLRQ
  
D E
F G
)LJXUH  )H\QPDQGLDJUDPVIRU B0 → K∗0µ+µ− DDQGEGHSLFW6WDQGDUG0RGHO
SHQJXLQSURFHVVHV FVKRZVD6WDQGDUG0RGHOER[GLDJUDPZKLOHGVKRZVD
VXSHUV\PPHWULFER[GLDJUDPZLWKFKDUJHG+LJJVH[FKDQJH
  
)LJXUH  'HILQLWLRQRI WKHDQJOHVLQWKHGHFD\ B0→ K∗0µ+µ−
;b8b7b  !$)$/$*) *! /# )"' .
7KHGHFD\ B0 → K∗0µ+µ− FDQEH IXOO\ GHVFULEHGE\ IRXU YDULDEOHV q2 WKH GLPXRQ
LQYDULDQWPDVVVTXDUHG DQGWKHWKUHHDQJOHV θK  θ% DQG φ ZKHUH θK LVWKHDQJOHEHWZHHQ
WKH B0 IOLJKWGLUHFWLRQDQGWKH K+ LQWKH K∗0 UHVWIUDPH θ% LVWKHDQJOHEHWZHHQWKH B0
IOLJKWGLUHFWLRQDQGWKH µ+ LQWKHGLPXRQUHVWIUDPH DQG φ LVWKHDQJOHEHWZHHQWKHGHFD\
SODQHVRI WKHK∗0 DQGWKHGLPXRQV\VWHP 7KHDQJOHVDUHGHSLFWHGLQ)LJ 
7KHDQJOHVFDQDOVREHH[SUHVVHGPRUHIRUPDOO\ /HW a EHDSDUWLFOHDQG f EHDUHVWIUDPH
7KHQ
0pfa 
GHQRWHVWKHPRPHQWXPRI SDUWLFOH a LQWKHUHVWIUDPHRI f  )XUWKHUPRUHGHILQH
0pfab = 0p
f
a + 0p
f
b 
0qfab = 0p
f
a − 0pfb 
nˆfab =
0pfa × 0pfb∣∣∣0pfa × 0pfb ∣∣∣ , 
ZLWK b DSDUWLFOHGLIIHUHQWWKDQ a DQG ab WKHFRPPRQPRWKHUSDUWLFOHRI a DQG b 7KHDQJOHV
FDQWKHQEHH[SUHVVHGDV
1RWHWKDWWKHVHDQJOHGHILQLWLRQVDUHQRWFRQVLVWHQWWKURXJKRXWOLWHUDWXUH
  
FRV θ% =
0pµ
+µ−
µ+ · 0pBµ+µ−∣∣∣0pµ+µ−µ+ ∣∣∣ ∣∣∣0pBµ+µ−∣∣∣ 
FRV θK =
0pKpiK · 0pBKpi
|0pKpiK | |0pBKpi|

FRVφ = nˆB0µ+µ− · nˆB
0
K+pi− DQG 
VLQφ =
(
nˆB
0
µ+µ− × nˆB
0
K+pi−
)
· 0p
B0
K+pi−∣∣0pB0K+pi−∣∣ 
1RWHWKDWZKLOHWKHGHILQLWLRQVIRU FRV θ% DQG FRV θK VWD\WKHVDPHZKHQH[FKDQJLQJWKH
B0 ZLWKD B0 LH DSSO\LQJD CP WUDQVIRUPDWLRQ WKLVLVQRWWUXHIRU φ ,QWKLVDQJOHWKH
GHILQLWLRQVFKDQJHWR
FRVφ = −nˆB0µ+µ− · nˆB
0
K−pi+ DQG 
VLQφ =
(
nˆB
0
µ+µ− × nˆB
0
K−pi+
)
· 0p
B0
K−pi+∣∣∣0pB0K−pi+∣∣∣ 
$ QRWHRQWKHEDVHV 7ZREDVHVDUHFRPPRQO\XVHGWRGHVFULEHWKHGHFD\RI DSVHX
GRVFDODUSDUWLFOHWRWZRYHFWRUSDUWLFOHV 7KH©KHOLFLW\EDVLVªDQGWKH©WUDQVYHUVLW\EDVLVª
$VWKHSVHXGRVFDODUSDUWLFOHKDVVSLQ WKHSURMHFWLRQRI WKHVSLQRQWKHGHFD\D[LVRI WKH
ILQDOVWDWHDOVRKDVWREH]HUR ,QRWKHUZRUGV %RWKGHFD\SURGXFWVQHHGWRKDYHWKHVDPH
KHOLFLW\ )RUPDVVLYHYHFWRUSDUWLFOHV WKHUHDUHWKUHHSRVVLEOHKHOLFLW\VWDWHV +1, 0,−1
)RUHDFKKHOLFLW\VWDWH WKHUHLVRQHFRPSOH[DPSOLWXGH DORQJLWXGLQDODPSOLWXGH A0 DQG
WZRWUDQVYHUVHDPSOLWXGHV A−1, A+1 7KHVHWKUHHDPSOLWXGHVGHILQHWKHKHOLFLW\EDVLV
:KLOHWKHORQJLWXGLQDODPSOLWXGHLV CPRGG WKHWUDQVYHUVHRQHVDUHDPL[WXUHRI CPHYHQ
DQG CPRGGFRPSRQHQWV 7RUHPHG\WKLVIODZ WKH©WUDQVYHUVLW\EDVLVªFDQEHGHILQHG
:KLOH A0 VWD\VWKHVDPH A‖ DQG A⊥ DUHLQWURGXFHGDV
A‖ =
A+1 + A−1√
2

A⊥ =
A+1 − A−1√
2

A‖ QRZLV CPHYHQDQG A⊥ LV CPRGG
7KHDQJOHVRI WKHGHFD\B0→ K∗0µ+µ− DUHJLYHQLQWKHKHOLFLW\EDVLV WKHGHFD\DPSOLWXGHV
KRZHYHUDUHJLYHQLQWKHWUDQVYHUVLW\EDVLVVHHQH[WVHFWLRQ
+HOLFLW\LVGHILQHGDVWKHQRUPDOLVHGSURMHFWLRQRI WKHVSLQDORQJWKHPRPHQWXPRI WKHSDUWLFOH DQG DV
WKHVSLQFRPSRQHQWDORQJDQD[LVLVGLVFUHWH WKHKHOLFLW\DOVRWDNHVGLVFUHWHYDOXHV
  
;b8b8b $!! - )/$'  4 -/ 
7KHGLIIHUHQWLDOGHFD\UDWHRI B0 → K∗0µ+µ− FDQEHH[SUHVVHGDVDVXPRI SURGXFWV
RI FRHIILFLHQWVFRQWDLQLQJWKHLQIRUPDWLRQRI WKH K∗0 GHFD\DPSOLWXGHVDQGDQJXODUH[
SUHVVLRQVRI θ%, θK DQG φ $ GHULYDWLRQLVJLYHQLQ5HI >@ :KHQQHJOHFWLQJWKHOHSWRQ
PDVVHV WKHGLIIHUHQWLDOGHFD\UDWHRI B0→ K∗0µ+µ− FDQEHZULWWHQDV
G4Γ
G FRV θ% G FRV θK Gφ Gq2
=
9
32pi
(
Is1 VLQ2 θK + Ic1 FRV2 θK + 
(Is2 VLQ2 θK + Ic2 FRV2 θK) FRV 2θ% +
I3 VLQ2 θK VLQ2 θ% FRV 2φ+
I4 VLQ 2θK VLQ 2θ% FRVφ+
I5 VLQ 2θK VLQ θ% FRVφ+
I6 VLQ2 θK FRV θ% +
I7 VLQ 2θK VLQ θ% VLQφ+
I8 VLQ 2θK VLQ 2θ% VLQφ+
I9 VLQ2 θK VLQ2 θ% VLQ 2φ
)
ZLWKWKH IiVDVIROORZV
7KLVDOVRQHJOHFWVDQ6ZDYHFRPSRQHQWFRPLQJ IURPDQRQUHVRQDQWGHFD\ B0 → K+pi−µ+µ− RU
SROOXWLRQIURPKLJKHU K∗ VWDWHVOLNH K∗0 (1430) +RZHYHU WKLVLVPRUHRI DQH[SHULPHQWDOLVVXH DVLQ
FROOLVLRQGDWD UHVRQDQWDQGQRQUHVRQDQWK+pi− FDQQRWEHGLVHQWDQJOHG
  
Ic1 =
(|A0L|2 + |A0R|2) 
Is1 =
3
4
(|A‖L|2 + |A‖R|2 + |A⊥L|2 + |A⊥R|2)
Ic2 = −
(|A0L|2 + |A0R|2)
Is2 =
1
4
(|A‖L|2 + |A‖R|2 + |A⊥L|2 + |A⊥R|2)
I3 =
1
2
(|A⊥L|2 − |A‖L|2 + |A⊥R|2 − |A‖R|2)
I4 =
1√
2
(
Re(A0LA
∗
‖L) +Re(A0RA
∗
‖R)
)
I5 =
√
2 (Re(A0LA
∗
⊥L)−Re(A0RA∗⊥R))
I6 = 2
(
Re(A‖LA∗⊥L)−Re(A‖RA∗⊥R)
)
I7 =
√
2
(
Im(A0LA
∗
‖L)− Im(A0RA∗‖R)
)
I8 =
1√
2
(Im(A0LA
∗
⊥L) + Im(A0RA
∗
⊥R))
I9 =
(
Im(A‖LA∗⊥L) + Im(A‖RA
∗
⊥R)
)
A0 A‖ DQG A⊥ DUHWKHGHFD\DPSOLWXGHVRI WKH K∗0 LQWKHWUDQVYHUVLW\EDVLV WKHLQGLFHV
L DQG R GHQRWH WKHFKLUDOLW\RI  WKH OHSWRQFXUUHQW :ULWLQJ WKHGLIIHUHQWLDOGHFD\ UDWH
DVDVXPRI SURGXFWVRI Ii WHUPVDQGDQJXODUWHUPVKDVWKHDGYDQWDJHRI VHSDUDWLQJWZR
GHSHQGHQFLHV 7KH Ii RQO\GHSHQGRQ q2 ZKLOHWKHUHVWRI WKHH[SUHVVLRQRQO\GHSHQGVRQ
WKHWKUHHDQJOHV FRV θ%, FRV θK DQG φ
,QWKHOLWHUDWXUH VRPHWLPHVWZRWHUPVDSSHDUIRU I6 Is6 DQG Ic6  +RZHYHUWKHODWWHUFDQEH
QHJOHFWHGLQDOOFDVHVLQWKLVWKHVLVDVLWLVVXSSUHVVHGE\WKHVPDOOOHSWRQPDVV
7KHJLYHQGHFD\UDWHRQO\DSSOLHVIRU B0→ K∗0µ+µ− QRWQHFHVVDULO\IRULWV CP FRQMX
JDWHGGHFD\ B0→ K∗0µ+µ−
7KHGLIIHUHQWLDOGHFD\UDWHIRUERWKB0→ K∗0µ+µ− DQGB0→ K∗0µ+µ− FDQEHZULWWHQ
DV
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
32pi
9∑
i=1
(
Ii + I¯i
)
f(FRV θi, FRV θ%,φ). 
,QWKHFRQWH[WRI WKLVWKHVLV RQO\WKHVH CP DYHUDJHGTXDQWLWLHVZLOOEHGLVFXVVHGDQGPHD
VXUHG 7KH CP DYHUDJHRI WKH Ik WHUPVLVRIWHQFDOOHG Sk IRUV\PPHWULFLQFRQWUDVWWR
Ak ZKLFKFRUUHVSRQGVWRWKH CP DV\PPHWULFRQHV
  
Si =
Ii + I¯i
Γ+ Γ¯

Ai =
Ii − I¯i
Γ+ Γ¯

$VFDQEHVHHQIURPWKHOLVWRI WKH Ii LQ(T  QRWDOOWHUPVDUHLQGHSHQGHQW )RXURI
WKHPDUHFRQQHFWHGYLD
Is1 = 3I
s
2 
Ic1 = −Ic2 
;b8b9b  !$)$/$*) *! - '/  *. -1' .
$OWKRXJKWKHGLIIHUHQWLDOGHFD\UDWHLVFRPSOHWHO\GHVFULEHGE\WKH Ii WHUPV WKUHHRWKHU
H[SUHVVLRQVDUHRIWHQXVHGLQDDQJXODUPHDVXUHPHQWRI B0→ K∗0µ+µ− 7KH\DUHWKH
IRUZDUGEDFNZDUGDV\PPHWU\ AFB  WKHORQJLWXGLQDOSRODULVDWLRQRI WKH K∗0 FL DQGWKH
WUDQVYHUVHSRODULVDWLRQDV\PPHWU\ A(2)T  ,QWHUPVRI WUDQVYHUVLW\DPSOLWXGHV WKH\DUHGH
ILQHGDVIROORZV
AFB =
3
2
Re(A‖LA∗⊥L)−Re(A‖RA∗⊥R)
|A0L|2 +
∣∣A‖L∣∣2 + |A⊥L|2 + |A0R|2 + ∣∣A‖R∣∣2 + |A⊥R|2 
FL =
|A0L|2 + |A0R|2
|A0L|2 +
∣∣A‖L∣∣2 + |A⊥L|2 + |A0R|2 + ∣∣A‖R∣∣2 + |A⊥R|2 
A(2)T =
|A⊥L|2 −
∣∣A‖L∣∣2 + |A⊥R|2 − ∣∣A‖R∣∣2
|A⊥L|2 +
∣∣A‖L∣∣2 + |A⊥R|2 + ∣∣A‖R∣∣2 
AFB FDQEHLQWXLWLYHO\XQGHUVWRRGDVWKHDV\PPHWU\EHWZHHQWKHIRUZDUGFRV θ% > 0DQG
EDFNZDUGFRV θ% < 0JRLQJQHJDWLYHPXRQVZLWKUHVSHFWWRWKH B0 IOLJKWGLUHFWLRQLQWKH
GLPXRQUHVWIUDPH &RPSDULQJWKHVHH[SUHVVLRQVZLWKWKRVHLQ(T  DQGVXEVWLWXWLQJ
WKH Si IRUWKH Ii WHUPV RQHFDQVHHWKDWWKHIROORZLQJUHODWLRQVKROG
AFB =
3
4
S6 
FL = S
c
2 
1− FL = Ss2 
  
;b8b:b  0$)" /# )0( - *! *. -1' .
(TXDWLRQ  FRPSOHWHO\ GHVFULEHV WKH GHFD\ B0 → K∗0µ+µ− DQG WKH XOWLPDWH JRDO
VKRXOGEHWRPHDVXUHDOO Si E\ILWWLQJWKH3') IRUWKHGLIIHUHQWLDOGHFD\UDWHWRDGDWDVHW
+RZHYHU WKLVLVQRWIHDVLEOHZLWKRQO\DVPDOOGDWDVHW DVWKHILWZRXOGEHFRPHYHU\XQ
VWDEOH $ VWUDLJKWIRUZDUGPHWKRGWRUHGXFHWKHQXPEHURI REVHUYDEOHVLVWRLQWHJUDWHRYHU
WZRDQJOHVDQGRQO\JLYHWKHSURMHFWLRQRI WKHGLIIHUHQWLDOGHFD\UDWHIRURQHUHPDLQLQJ
DQJOH 7KHIRUPXODHDUHWKHQ
1
Γ
G2Γ
G FRV θ% Gq2
=
3
4
FL(1− FRV2 θ%) + 3
8
(1− FL)(1 + FRV2 θ%) + 
AFB FRV θ% 
1
Γ
G2Γ
G FRV θK Gq2
=
3
2
FL FRV2 θK +
3
4
(1− FL)(1− FRV2 θ%) 
1
Γ
G2Γ
Gφ Gq2
=
1
2pi
(
1 +
1
2
(1− FL)A(2)T FRV 2φ+ AIm VLQ 2φ
)

7KHREVHUYDEOH AIm LVGHILQHGDV
AIm =
Im(A‖LA∗⊥L) + Im(A‖RA
∗
⊥R)
|A0L|2 +
∣∣A‖L∣∣2 + |A⊥L|2 + |A0R|2 + ∣∣A‖R∣∣2 + |A⊥R|2 . 
7KH©SURMHFWLRQVª IRU FRV θ% DQG FRV θK ZHUHHPSOR\HG IRU WKH/+&EPHDVXUHPHQW LQ
 >@ EDVHGRQDVXEVHWRI WKHIXOOGDWDVHW
$ PRUHVRSKLVWLFDWHGPHWKRGWRUHGXFHGWKHQXPEHURI REVHUYDEOHVGLUHFWO\LVWR©IROGª
WKHGLIIHUHQWLDOGHFD\UDWHDQGH[SORLWV\PPHWULHVLQWKHDQJXODUH[SUHVVLRQV $QH[DPSOH
LVWKHWUDQVIRUPDWLRQ φ→ φ+ pi LI φ < 0 7KLVIROGLQJFDQFHOVDOOWHUPVZLWKD FRVφ DQG
VLQφ GHSHQGHQF\ EXWOHDYHVWHUPVZLWK FRV 2φ DQG VLQ 2φ XQDIIHFWHG 7KLVWUDQVIRUPDWLRQ
ZDVXVHGIRUWKHPHDVXUHPHQWRI AFB, FL, S3, S9 ZKLFKLVGHVFULEHGLQ5HI >@ 7KH
FDOFXODWLRQRI WKHWUDQVIRUPDWLRQLVJLYHQLQ(T  DQGWKHIROORZLQJIRUPXODH
,QWKLVWKHVLV RQO\WKHUHPDLQLQJREVHUYDEOHV S4, S5, S7 DQG S8 DUHH[WUDFWHG 7KHIRO
ORZLQJWUDQVIRUPDWLRQVDUHDSSOLHGWRREWDLQGHFD\UDWHVWKDWRQO\FRQWDLQ FLA(2)T DQGWKH
FRUUHVSRQGLQJ Si REVHUYDEOHVDVSDUDPHWHUV
7UDQVIRUPDWLRQVIRU 6 7KHIROORZLQJWUDQVIRUPDWLRQVDUHDSSOLHGWRREWDLQDIRUPXOD
ZLWKRQO\ S4 DPRQJWKH Si REVHUYDEOHV
$GGLWLRQDOO\WKHREVHUYDEOHVA(2)T , AReT DQGA9 DUHPHDVXUHGLQ5HI >@ ZKHUHDOVRWKHLUGHILQLWLRQVDUH
JLYHQ
,WLVLQSULQFLSOHSRVVLEOHWRIROGWKHVH3')VHYHQPRUHWRJHWULGRIA(2)T  +RZHYHUWKLVFRPHVZLWKDORVV
RI VHQVLWLYLW\WRWKH Si REVHUYDEOHVZKLFKLVQRWGHVLUHG
  
φ → −φ LI φ < 0 
φ → pi − φ LI θ% > pi
2

θ% → pi − θ% LI θ% > pi
2
. 
7KLVOHDGVWRWKHIROORZLQJGLIIHUHQWLDOGHFD\UDWH
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+
1
2
(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+S4 VLQ 2θK VLQ 2θ% FRVφ
)
7UDQVIRUPDWLRQVIRU 6 7KHIROORZLQJWUDQVIRUPDWLRQVDUHDSSOLHGWRREWDLQDIRUPXOD
ZLWKRQO\ S5 DPRQJWKH Si REVHUYDEOHV
φ → −φ LI φ < 0 
θ% → pi − θ% LI θ% > pi
2

7KLVOHDGVWRWKHIROORZLQJGLIIHUHQWLDOGHFD\UDWH
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+
1
2
(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+S5 VLQ 2θK VLQ θ% FRVφ
)
7UDQVIRUPDWLRQVIRU 6 7KHIROORZLQJWUDQVIRUPDWLRQVDUHDSSOLHGWRREWDLQDIRUPXOD
ZLWKRQO\ S7 DPRQJWKH Si REVHUYDEOHV
  
φ → pi − φ LI φ > pi
2

φ → −pi − φ LI φ < −pi
2

θ% → pi − θ% LI θ% > pi
2

7KLVOHDGVWRWKHIROORZLQJGLIIHUHQWLDOGHFD\UDWH
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
9
8pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+
1
2
(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+S7 VLQ 2θK VLQ θ% VLQφ
)
7UDQVIRUPDWLRQVIRU 6 7KHIROORZLQJWUDQVIRUPDWLRQVDUHDSSOLHGWRREWDLQDIRUPXOD
ZLWKRQO\ S8 DPRQJWKH Si REVHUYDEOHV
φ → pi − φ LI φ > pi
2

φ → −pi − φ LI φ < −pi
2

θ% → pi − θ% LI θ% > pi
2

θK → pi − θK LI θ% > pi
2

7KLVOHDGVWRWKHIROORZLQJGLIIHUHQWLDOGHFD\UDWH
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+
1
2
(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+S8 VLQ 2θK VLQ 2θ% VLQφ
)
$OOIRXU3')VFDQEHILWWHGWRGDWDDQGZLOO\LHOGWKHYDOXHIRU Si DQGDGGLWLRQDOO\ FL DQG
A(2)T  $OWKRXJKWKHODWWHUREVHUYDEOHVDUHDOVRRI LQWHUHVWLQDJHQHUDOFRQWH[W WKH\ZLOOEH
  
UDWKHUWUHDWHGDV©QXLVDQFHSDUDPHWHUVª LH SDUDPHWHUVZKLFKDSSHDULQWKH3') EXWZKRVH
YDOXHLVDE\SURGXFWUDWKHUWKDQDUHVXOW 7KHLUYDOXHZDVDOUHDG\PHDVXUHGLQDGLIIHUHQW
DQDO\VLVRI /+&E >@ZLWKWKHVDPHGDWDVHW ZKLFKLVEULHIO\GHVFULEHGLQ&KDS 
7KHIXOOGHULYDWLRQRI WKHIRUPXODHIRU S4 S5 S7 DQG S8 LVJLYHQLQ$SSHQGL[ '
7UDQVIRUPDWLRQVWRREWDLQ )/ $)% 6 DQG 6 7KHIROORZLQJWUDQVIRUPDWLRQVDUH
DSSOLHGWRREWDLQDIRUPXODZLWK FL AFB  S3 DQG S9
φ → φ+ pi LI φ < 0 
7KLVOHDGVWRWKHIROORZLQJGLIIHUHQWLDOGHFD\UDWH
1
Γ
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
16pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+S3 VLQ2 θK VLQ2 θ% FRV 2φ
+
4
3
AFB VLQ2 θK FRV θ%
+S9 VLQ2 θK VLQ2 θ% FRV 2φ
)
7KHDGGLWLRQDOREVHUYDEOHVDQGKRZWKH\FDQEHREWDLQHGLVGHVFULEHGLQ5HI >@
;b8b;b 3/-/$)" /# Si *. -1' . 0.$)"  *0)/$)"
 3+ -$( )/
7KH Si REVHUYDEOHV FDQ LQ SULQFLSOH DOVR EH H[WUDFWHG XVLQJ D VLPSOH ELQQHG FRXQWLQJ
PHWKRGRUE\ILWWLQJWKHGLIIHUHQWLDOEUDQFKLQJIUDFWLRQ DVDIXQFWLRQRI q2 IRUWZRFODVVHV
RI HYHQWV©SRVLWLYHªDQG©QHJDWLYHªDQGWKHQFRQVWUXFWLQJDQDV\PPHWU\ )RUH[DPSOH
S5 FDQEHFRQVWUXFWHGDV
S5 =
4
3
(∫ pi/2
−pi/2
−
(∫ −pi/2
−pi
+
∫ pi
pi/2
)
Gφ
)(∫ pi
0
Gθ%
)
× (∫ pi/2
0
−
∫ pi
pi/2
GθK
)
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
  
DQGWKHQEHVSOLWLQWRWZRFODVVHV
S+5 =
4
3
(∫ pi/2
−pi/2
Gφ
)(∫ pi
0
Gθ%
)(∫ pi/2
0
GθK
)
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2

+
4
3
((∫ −pi/2
−pi
+
∫ pi
pi/2
)
Gφ
)(∫ pi
0
Gθ%
)(∫ pi
pi/2
GθK
)
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
S−5 =
4
3
(∫ pi/2
−pi/2
Gφ
)(∫ pi
0
Gθ%
)(∫ pi
pi/2
GθK
)
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2

+
4
3
((∫ −pi/2
−pi
+
∫ pi
pi/2
)
Gφ
)(∫ pi
0
Gθ%
)(∫ pi/2
0
GθK
)
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
%RWK S+5 DQG S−5  FDQEHGHWHUPLQHGE\ILWWLQJWKHFRUUHVSRQGLQJGLVWULEXWLRQVLQ q2 VLP
LODUO\WRZKDWLVGRQHIRUWKHH[WUDFWLRQRI WKH]HURFURVVLQJSRLQW VHH&KDS  +RZHYHU
ZKLOHWKLVSURFHGXUHLVHDVLHUWRDFFRPSOLVKWKDQILWWLQJWKHIRUPXODHJLYHQLQ  LWKDV
WKHGLVDGYDQWDJHRI DUHGXFHGVHQVLWLYLW\DQGDUHGXFHGUDQJHLQ q2 DVWKHIXOONLQHPDWLFDO
UHJLRQLQ q2 FDQQRWEHDFFHVVHG 0RUHGHWDLOVRQWKHPHWKRGIRUH[WUDFWLQJWKHYDOXHVRI
Si ZLWKRXWXVLQJDQDQJXODUILWFDQEHIRXQGLQ5HI >@
:KLOHELQQHGFRXQWLQJLQSULQFLSOHLVSRVVLEOHIRUWKHIXOO q2 UDQJH WKHUHGXFHGVHQVLWLYLW\
LVHYHQPRUHRI DFRQFHUQ $ FRPSDULVRQRI WKHVHQVLWLYLW\EHWZHHQELQQHGFRXQWLQJDQG
DQDQJXODUILWLVVKRZQDVDQH[DPSOHIRU S5 LQ)LJ  7KHVLWXDWLRQLVVLPLODUIRUDOO Si
REVHUYDEOHV
;b8b<b 
)/-*0$)" ) T21 .4./ (
7KHGHFD\ B0→ K∗0µ+µ− GRHVQRWKDYHDQ6ZDYHFRPSRQHQW DVWKH K+pi− V\VWHP
LVERXQGLQWKH K∗0 V\VWHP +RZHYHU H[SHULPHQWDOO\D K+pi− V\VWHPWKDWKDSSHQVWR
KDYHEHHQLQWKHLQYDULDQWPDVVUHJLRQRI WKHK∗0 FDQQRWEHGLVWLQJXLVKHGIURPWKHERXQG
V\VWHP 7KHWRWDOGLIIHUHQWLDOGHFD\UDWHFDQEHZULWWHQDV
G4Γ
G FRV θ% G FRV θK Gφ Gq2
∝ (1− FS)PDFK∗0 + PDFS 
ZKHUH FS = ΓSΓtot LVWKHIUDFWLRQRI WKH6ZDYHGHFD\UDWHZLWKUHVSHFWWRWKHWRWDOGHFD\
UDWH PDFK∗0 LVWKHGLVWULEXWLRQRI (T  DQG PDFS LVWKHGLVWULEXWLRQIRUWKH6ZDYH
FRPSRQHQWDQGLWVLQWHUIHUHQFHZLWKWKH3ZDYHIURPWKHK∗0 ,WLVGHILQHGDV
7KLVK+pi− PD\FRPHIURPQRQUHVRQDQWGHFD\VRUEHDFRQWULEXWLRQIURPDK∗00 (1430) GHFD\
  
]4/c2 [GeV2q
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)LJXUH  &RPSDULVRQRI  WKH VHQVLWLYLW\ WR S5 ,Q EOXH GDVKHG DUH WKH S5 PHDVXUHG
ZLWKDELQQHGFRXQWLQJPHWKRG LQ UHGVROLGDUH WKHYDOXHVREWDLQHGZLWKD
ILW WR WKHGLIIHUHQWLDOEUDQFKLQJ IUDFWLRQ 7KH UHVXOWZDVREWDLQHGSHUIRUP
LQJWR\H[SHULPHQWV XVLQJWKH6WDQGDUG0RGHOSUHGLFWLRQVDVDQLQSXWDQGWKH
QXPEHURI REVHUYHGHYHQWVSHUELQWDNHQIURP5HI >@ 7KHJDSVDURXQG
*H9/c4 DQG *H9/c4 VWHP IURP WKH YHWRHV RQ B0 → J/ψK∗0 DQG
B0→ ψ(2S)K∗0
PDFS =
2
3
FS VLQ2 θ% +
4
3
AS VLQ2 θ% FRV θK + 
A(4)S VLQ θK VLQ 2θ% FRVφ+
A(5)S VLQ θK VLQ θ% FRVφ+
A(7)S VLQ θK VLQ θ% VLQφ+
A(8)S VLQ θK VLQ 2θ% VLQφ.
7KH AS DQG A(i)S H[SUHVVLRQVDUHLQWHUIHUHQFHWHUPVEHWZHHQWKH6ZDYHDQGWKH3ZDYH
VWDWHDQGDUHGHILQHGLQ$SSHQGL[ (7KHVHWHUPVKDYHXSSHUDQGORZHUERXQGDULHV
|AS| ≤
√
3
√
FS(1− FS)FL 
|A(4,8)S | ≤
√
2
3
√
FS(1− FS)(1− FL) 
|A(5,7)S | ≤
√
8
3
√
FS(1− FS)(1− FL) 
7KHIRUPXODHIRU S4 S5 S7 DQG S8 LQFOXGLQJWKH6ZDYHV\VWHPDQGDSSO\LQJWKHIROGLQJ
DUHWKHQ
  
)RUPXODIRU 6
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(2
3
FS VLQ2 θ% +
4
3
AS FRV θK VLQ2 θ% 
+
3
4
(1− FS)(1− FL) VLQ2 θK + (1− FS)FL FRV2 θK
+
1
4
(1− FS)(1− FL) VLQ2 θK FRV 2θ%
−(1− FS)FL FRV2 θK FRV 2θ%
+
1
2
(1− FS)(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+(1− FS)S4 VLQ 2θK VLQ 2θ% FRVφ
+A(4)S VLQ θK VLQ 2θ% FRVφ
)
)RUPXODIRU 6
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(2
3
FS VLQ2 θ% +
4
3
AS FRV θK VLQ2 θ% 
+
3
4
(1− FS)(1− FL) VLQ2 θK + (1− FS)FL FRV2 θK
+
1
4
(1− FS)(1− FL) VLQ2 θK FRV 2θ%
−(1− FS)FL FRV2 θK FRV 2θ%
+
1
2
(1− FS)(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+(1− FS)S5 VLQ 2θK VLQ θ% FRVφ
+A(5)S VLQ θK VLQ θ% FRVφ
)
)RUPXODIRU 6
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(2
3
FS VLQ2 θ% +
4
3
AS FRV θK VLQ2 θ% 
+
3
4
(1− FS)(1− FL) VLQ2 θK + (1− FS)FL FRV2 θK
+
1
4
(1− FS)(1− FL) VLQ2 θK FRV 2θ%
−(1− FS)FL FRV2 θK FRV 2θ%
+
1
2
(1− FS)(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+(1− FS)S7 VLQ 2θK VLQ θ% VLQφ
+A(7)S VLQ θK VLQ θ% VLQφ
)
  
)RUPXODIRU 6
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(2
3
FS VLQ2 θ% 
+
3
4
(1− FS)(1− FL) VLQ2 θK + (1− FS)FL FRV2 θK
+
1
4
(1− FS)(1− FL) VLQ2 θK FRV 2θ%
−(1− FS)FL FRV2 θK FRV 2θ%
+
1
2
(1− FS)(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+(1− FS)S8 VLQ 2θK VLQ 2θ% VLQφ
+A(7)S VLQ θK VLQ 2θ% VLQφ
)
7KHH[SHULPHQWDOXVHRI WKHVHIRUPXODHLVH[SODLQHGLQ6HFW 
;b9b # *- /$' 0) -/$)/$ . ) ' )
*. -1' .
7KHSURFHVVRI LQWHUHVWLQ B0→ K∗0,, LVWKHWUDQVLWLRQ b→ s,+,− +RZHYHU DVTXDUNV
DUHFRQILQHGZLWKLQDPHVRQ WKLVWUDQVLWLRQFDQQRWEHREVHUYHGGLUHFWO\DQGWKHH[FOXVLYH
GHFD\B0→ K∗0,, KDVWREHPHDVXUHG $ FRPSOLFDWLRQDULVHVDVERXQGREMHFWVOLNHPHVRQV
LQYROYHQRQSHUWXUEDWLYH4&' HIIHFWV ZKLFKDUHQRWFDOFXODEOHH[DFWO\ 7KH WUDQVLWLRQ
B0 → K∗0 FDQEHSDUDPHWULVHGXVLQJVRFDOOHG©IRUPIDFWRUVª 6RPHIRUPIDFWRUVDUH
REVHUYDEOHVZKLOHRWKHUVGHSHQGRQWKHFKRLFHRI WKHUHQRUPDOLVDWLRQVFDOH µ 0RUHGHWDLOV
DUHJLYHQLQ5HI >@ 7KHXQFHUWDLQWLHVRQWKHIRUPIDFWRUVFRQWULEXWHWKHODUJHVWSDUWRI
WKHWKHRUHWLFDOXQFHUWDLQW\
,WZDVSRLQWHGRXW LQ5HIV >@ >@WKDWDPD[LPXPRI VL[IRUPIDFWRULQGHSHQGHQW
REVHUYDEOHV FDQEH IRUPHG 7KHGHFD\ LV WKHQFRPSOHWHO\GHVFULEHGE\ WKH VHW
{ GΓ
Gq2 
FL P1  P6
}
 ZKLOH GΓGq2 DQG FL VXIIHUIURPIRUPIDFWRUXQFHUWDLQWLHV WKH Pi GRQRW
ZKLFKDOORZVWRSUHGLFWWKHPPRUHSUHFLVHO\ 7KHVH Pi REVHUYDEOHVDUHUHODWHGWRWKH Si
PHQWLRQHGEHIRUH +RZHYHU ZKLOH P1 P2 DQG P3 FDQEHPHDVXUHGH[SHULPHQWDOO\ LWLV
DGYDQWDJHRXVWRVOLJKWO\UHGHILQH P4 P5 DQG P6 WR P ′4 P ′5 DQG P ′6 7KHSULPHGTXDQWLWLHV
DUHPRUHHDVLO\PHDVXUDEOHDVWKH\GHSHQGOHVVRQDYHUDJLQJGLIIHUHQWREVHUYDEOHVRYHUWKH
ELQVL]H )XUWKHUPRUHWKH\DUHDVFOHDQDVWKHQRQSULPHGRQHV 7RPDNHWKHFRPSDULVRQ
6WULFWO\VSHDNLQJ WKHVHREVHUYDEOHVDUHRQO\LQGHSHQGHQWRI IRUPIDFWRUXQFHUWDLQWLHVLQOHDGLQJRUGHUDQG
DWORZ q2 DOWKRXJKIRUVRPHRI WKHPWKLVLVDOVRWUXHIRUKLJK q2
$OWKRXJKEHDULQJWKHVDPHQDPH WKHREVHUYDEOHP2 LVQRWOLQNHGLQDQ\ZD\WRWKH,WDOLDQSVHXGR0DVRQLF
ORGJHNQRZQDV©3URSDJDQGD'XHª
  
EHWZHHQH[SHULPHQWDODQGWKHRUHWLFDOUHVXOWVWKHPRVWGLVFULPLQDWLQJ WKHLGHDLVWRPHDVXUH
DOO P (′)i REVHUYDEOHV
$ GLIIHUHQWDSSURDFKWRDFFHVVLQIRUPDWLRQZKLFKGRHVQRWVXIIHUIURPODUJHWKHRUHWLFDO
XQFHUWDLQWLHVLVWRPHDVXUH]HURFURVVLQJVRI Si REVHUYDEOHV $OWKRXJKWKH Si REVHUYDEOHV
DUHDIIHFWHGE\IRUPIDFWRUXQFHUWDLQWLHV WKH\FDQFHODWWKHSRLQWRI WKH]HURFURVVLQJLQ
OHDGLQJRUGHU 7KLVLVIRUH[DPSOHH[SORLWHGLQWKHPHDVXUHPHQWRI WKH]HURFURVVLQJSRLQW
RIAFB  +RZHYHU ZKLOHWKHFDQFHOODWLRQIRUAFB RQO\RFFXUVLQRQHSRLQW WKHFDQFHOODWLRQ
IRUWKH P (′)i REVHUYDEOHVLVYDOLGLQWKHIXOO q2 UDQJH
;b9b7b  !$)$/$*) *! /# P ′i *. -1' .
$VH[SODLQHG LQ WKHSUHYLRXV VHFWLRQ LW LV DGYDQWDJHRXV WRPHDVXUH WKH P ′i REVHUYDEOHV
LQVWHDGRI WKH Si RQHV 7KH\UHODWHWRWKH Si DVIROORZV
P ′4 =
S4√
FL(1− FL)

P ′5 =
S5√
FL(1− FL)

P ′6 =
S7√
FL(1− FL)

P ′8 =
S8√
FL(1− FL)

7KHWKUHHREVHUYDEOHV P1, P2, P3 RQWKHRWKHUKDQGDUHUHODWHGWR S3, S6, S9 DQG FL :KLOH
WKHREVHUYDEOHV P1, P2, P3, P ′4, P ′5 DQG P ′6 DUHLQGHSHQGHQWREVHUYDEOHV P ′8 LVQRW DVLW
FDQEHFRQVWUXFWHGDVDFRPELQDWLRQRI WKHRWKHU P (′)i REVHUYDEOHV FL DQG GΓGq2  +RZHYHU
LWVPHDVXUHPHQWLVVWLOOLPSRUWDQWWRFKHFNWKHFRQVLVWHQF\ZLWKWKHRWKHUREVHUYDEOHV³
DGGLWLRQDOO\LWFRXOGVKRZVLJQVRI QHZSK\VLFVIRUWKHKLJKq2 UHJLRQ >@
;b:b # *- /$' +- $/$*).
$OOWKHREVHUYDEOHVGLVFXVVHGLQWKLVFKDSWHUKDYHSUHGLFWLRQVLQWKH6WDQGDUG0RGHODQG
VRPHPRGHOVEH\RQGWKH6WDQGDUG0RGHO 6RPHRI WKHPFDQEHIRXQGLQ5HIV >@ >@
+RZHYHU GXHWRWKHSUHVHQFHRI WKH B0→ J/ψK∗0 DQG B0→ ψ(2S)K∗0 UHVRQDQFH WKH
UHJLRQLQ q2 EHWZHHQDERXW*H9/c4 DQG*H9/c4 LVGLIILFXOWWRSUHGLFWDQGRQO\
7KHGHILQLWLRQKHUHLVVOLJKWO\GLIIHUHQWIURPWKHRQHLQ >@ 7KHGHILQLWLRQLQWKLVWKHVLVZDVFKRVHQWR
UHQGHUWKHGHILQLWLRQVPRUHFRQVLVWHQWDPRQJWKHREVHUYDEOHV +RZHYHU WKHGLIIHUHQFHRQO\FRQVLVWVRI
PLQXVVLJQVDQGIDFWRUVRI 
7RDGGWRWKHFRQIXVLRQ P ′8 LVVRPHWLPHVDOVRFDOOHG Q 2U H
(4)
T  %D]LQJD
  
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Figure 7: The observables S4, S5 and Ss6 in the SM (blue band) and the MFV MSSM scenarios
MFVI,II described in the text.
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Figure 8: The correlation between the zeros of S4, S5 and Ss6 and BR(B → Xsγ) in the MFV
MSSM. The blue circles correspond to the central SM values, while the green diamonds represent
scenario MFVI and the red squares scenario MFVII.
q2 between these two curves corresponds to the range shown in Fig. 4 for (CNP10 − C ′NP10 ) = 0
and CNP9 = 0, respectively, where the superscript NP denotes the NP contribution to the
Wilson coefficient. The most relevant input parameters corresponding to the two scenarios
are collected in Tab. 10.
Scenario tanβ mA mg˜ mQ˜ mU˜ At˜ µ
MFVI 28 380 530 800 540 −850 860
MFVII 29 530 1000 880 660 880 750
Table 10: Most relevant parameters of the two MFV MSSM scenarios discussed in the text. tan β
is the ratio of the two Higgs VEVs, mA the mass of the pseudoscalar Higgs, mg˜ is the gluino mass,
mQ˜ is a universal soft mass for the left handed squark doublets, mU˜ a universal soft mass for the
right handed up squarks, At˜ is the stop trilinear coupling and µ the Higgsino mass parameter. Our
conventions for the trilinear coupling are such that the left-right mixing entry in the stop mass
matrix is (m2)LR = −mt(At˜ + µ∗ cot β). All massive parameters are given in GeV.
It is well known that in the MFV MSSM, the shift in the zero of the forward-backward
asymmetry in B → Xsµ+µ− is highly correlated with a change of the branching ratio of
B → Xsγ [55, 84]. In Fig. 8 we show the corresponding correlation between the zeros of S4,
36
)LJXUH  3UHGLFWLRQIRU Ss6  43AFB LQWKH6WDQGDUG0RGHOEOXHDQGWZR0LQLPDO
)ODYRXU9LRODWLQJ6FHQDULRVJUHHQDQGUHG VHHWKHWH[W )LJXUHWDNHQIURP
5HI >@
WKHUHJLRQVIRU ORZ q2 DQGKLJK q2 DUHQRUPDOO\JLYHQ )XUWKHUPRUH WKHUHJLRQEHORZ
q2 RI  *H9/c4 LVRIWHQRPLWWHGGXHWRWKHSUHVHQFHRI WKH©SKRWRQSROHª ZKLFKOHDGV
WRDGLYHUJHQFHLQWKHGLIIHUHQWLDOEUDQFKLQJIUDFWLRQ DQGGXHWRWKHSUHVHQFHRI RWKHU
UHVRQDQFHVOLNH ρ(770) 7KHWKHRUHWLFDOO\FOHDQHVWUHJLRQLVQRUPDOO\FRQVLGHUHGEHWZHHQ
*H9/c4 DQGPRVWREVHUYDEOHVDUHSUHGLFWHGLQWKLVLQWHUYDO
$VDQH[DPSOH )LJ  VKRZVGLIIHUHQWSUHGLFWLRQVIRU AFB LQWKHUHJLRQRI q2 EHWZHHQ
*H9/c4 IRUWKH6WDQGDUG0RGHODQGWZR0LQLPDO)ODYRXU9LRODWLQJVFHQDULRV
;b;b  .0- ( )/. *! B0→ K∗0µ+µ− 4  )
/# BT!/*-$ .
%HIRUHWKHVWDUWRI /+&E WKH%IDFWRU\H[SHULPHQWV%HOOHDQG%D%DU DQGDGGLWLRQDOO\
&')KDGDQDO\VHGB0→ K∗0,, VHH5HIV >@ >@ >@ %HOOHDQG%D%DUFRXOGDQDO\VH
B0→ K∗0µ+µ− DVZHOODV B0→ K∗0e+e− ZKLOH&') DQDO\VHG B0→ K∗0µ+µ− DQG
B+ → K∗+µ+µ− +RZHYHU WKHVHWKUHHH[SHULPHQWVRQO\KDGDERXW DQG
HYHQWVLQWKHLUGDWDVHWUHVSHFWLYHO\ 1RILWLQPRUHWKDQRQHDQJOHZDVSRVVLEOHZLWKWKLV
)RU q2 → 0 WKHFURVVVHFWLRQEHFRPHVLQILQLWH +RZHYHU WKLVLVRQO\WUXHZKHQQHJOHFWLQJWKHOHSWRQ
PDVVHV
0LQLPDO)ODYRXU9LRODWLQJDVVXPHVWKDWIODYRXUYLRODWLRQLQPRGHOVEH\RQGWKH6WDQGDUG0RGHODUHOLQNHG
WR<XNDZDFRXSOLQJVDVLVWKHFDVHLQWKH6WDQGDUG0RGHO 0RUHLQIRUPDWLRQFDQEHIRXQGLQ5HI >@
  
0 2 4 6 8 10 12 14 16 18 20
FBA
0.6
0.4
0.2
0
0.2
0.4
0.6
0.8
1
1.2 (a)
(2
S)J/
]4/c2 [GeV2q
0 2 4 6 8 10 12 14 16 18 20
LF
0
0.2
0.4
0.6
0.8
1
(b)
(2
S)J/
)LJXUH  AFB DQG FL DVPHDVXUHGE\WKH%D%DUH[SHULPHQW VHH5HI >@ 7KHGDWD
LQFOXGH B0 → K∗0µ+µ− DQG B0 → K∗0e+e− 7KHFURVVHVDUHWKHILWUH
VXOWV IURP FROOLVLRQ GDWD WKH EOXH VROLG OLQH LV WKH 6WDQGDUG0RGHO SUHGLF
WLRQ WKHJUHHQORQJGDVKHGOLQHLVWKH60 ZLWK C(HII)7 → −C(HII)7  WKHPDJHQWD
VKRUWGDVKHGOLQHLVWKH60 ZLWK C(HII)9 C(HII)10 → −C(HII)9 C(HII)10 DQGWKHUHGGDVK
GRWWHGOLQHLV C(HII)7 → −C(HII)7  C(HII)9 C(HII)10 → −C(HII)9 C(HII)10  7KH FL FXUYHVZLWK
C(HII)9 C(HII)10 → −C(HII)9 C(HII)10 DUHDOPRVWLGHQWLFDOWRWKHWZRFXUYHVVKRZQ
VPDOOQXPEHURI FDQGLGDWHV VRDOOWKUHHH[SHULPHQWVXVHGSURMHFWLRQVLQRQHRI WKHWKUHH
DQJOHVWRH[WUDFWWKHSK\VLFVREVHUYDEOHV 7KHUHVXOWVIRUDOOWKUHHH[SHULPHQWVDUHVKRZQ
LQ)LJV   DQG 
7KH%D%DUDQG%HOOHUHVXOWVVHHPHGWRKLQWDGHYLDWLRQIURPWKH6WDQGDUG0RGHOLQWKH
AFB GLVWULEXWLRQDW ORZ q2 ZKLOH WKH ODWHVWGDWD IURP&') FRXOGQHLWKHUFRQILUPQRU
UHIXWHWKLVILQGLQJ /+&EZDVWKHILUVWH[SHULPHQWWRUXOHLWRXWZLWKDODUJHVLJQLILFDQFH
VHH&KDS 
  
D E
)LJXUH  5HVXOWVRI WKH%HOOHH[SHULPHQWIRUWKHGHFD\ B0 → K∗0µ+µ− DQG B0 →
K∗0e+e− VHH5HI >@ DVKRZVWKHGLIIHUHQWLDOEUDQFKLQJIUDFWLRQDVIXQF
WLRQRI q2 7KHWZRUHGOLQHVDUHWKH60 SUHGLFWLRQIRUPLQLPXPDQGPD[LPXP
DOORZHGIRUPIDFWRUV EVKRZV FL DQG AFB  WKHUHGVROLGOLQHLVWKH60 SUH
GLFWLRQ WKHEOXHGDVKHGOLQHWKH60 SUHGLFWLRQ EXWZLWK C7  −CSM7  7KH
WZREDQGVLQPDJHQWDVKRZWKHUHVRQDQWUHJLRQVRI WKH J/ψ DQG ψ(2S) ZKLFK
ZHUHH[FOXGHG
  
)LJXUH  FL AFB  A(2)T DQG AIm DVPHDVXUHGE\WKH&') H[SHULPHQW VHH5HI >@
7KHGDWDLQFOXGH B0→ K∗0µ+µ− DQG B+→ K∗+µ+µ− 7KHSRLQWVDUHWKH
ILWUHVXOWVIURPFROOLVLRQGDWD 7KH60 H[SHFWDWLRQLVVKRZQDVWKHUHGVROLG
FXUYH WKHEOXHGDVKHGFXUYHLVWKHFDVH C7  −CSM7  7KHJUHHQEDQGVVKRZ
WKHUHVRQDQWUHJLRQVRI WKH J/ψ DQG ψ(2S) ZKLFKZHUHH[FOXGHG
  
<b  ' /$)" B0→ K∗0µ+µ−
:LWKDEUDQFKLQJIUDFWLRQRIB = (1.05+0.16−0.13)·10−6 >@WKHGHFD\B0→ K∗0µ+µ− LVUDUH
DQGUHTXLUHVDVRSKLVWLFDWHGVHOHFWLRQSURFHGXUHWRUHGXFHWKHDPRXQWRI EDFNJURXQGWRD
PLQLPXP )XUWKHUPRUH VHYHUDOVWDJHVRI WKHDQDO\VLVUHO\RQVLPXODWHGGDWD 'LIIHUHQFHV
LQWKHVLPXODWLRQDQGWKHFROOLVLRQGDWDKDYHWREHXQGHUVWRRGDQGFRUUHFWHG 7KLVFKDSWHU
SUHVHQWVWKHVWHSVIURPWKHUDZGDWDWRWKHILQDOVDPSOH©Q7XSOHªZKLFKZDVXVHGIRUDOO
VXEVHTXHQWDQDO\VHVSUHVHQWHGLQWKLVWKHVLVDQGLQ5HI >@ 7KHDPRXQWRI GDWDLQWKLV
VDPSOHFRUUHVSRQGVWRURXJKO\ IE−1 DQGLVWKHIXOOGDWDVDPSOHFROOHFWHGLQ
7KHZRUNSUHVHQWHGLQWKLVFKDSWHULVWKHUHVXOWRI DFROODERUDWLYHHIIRUWDQGZDVQRWGRQH
VROHO\E\WKHDXWKRU +RZHYHU DOOVWHSVDUHPHQWLRQHGIRUFRPSOHWHQHVV
<b7b  ' /$*)
7KHVHOHFWLRQIRUWKHGHFD\ B0 → K∗0µ+µ− SURFHHGV LQVHYHUDOVWHSV 7KHGHFD\KDV
WRILUHRQHRI VHYHUDOWULJJHUOLQHVLQDOOWKUHHWULJJHUVWDJHVRI /+&EDQGEHVHOHFWHGLQ
WKHFHQWUDORIIOLQHVHOHFWLRQ VWULSSLQJ )XUWKHUPRUH D ORRVHSUHVHOHFWLRQDQGILQDOO\D
PXOWLYDULDWHVHOHFWLRQZDVSHUIRUPHG
<b7b7b -$"" - . ' /$*)
$WWKHILUVWWULJJHUVWDJH / WKHHYHQWKDVWREHWULJJHUHGE\DVLQJOHPXRQIURPRQHRI
WKHPXRQVLQ B0→ K∗0µ+µ− ,Q+/7 WKHHYHQWHLWKHUKDVWREHWULJJHUHGE\WKHVLQJOH
WUDFNWULJJHU >@RUWKHVLQJOHPXRQWULJJHU >@ ,WLVGHPDQGHGWKDWWKHWULJJHULQTXHVWLRQ
ZDVDOZD\VILUHGE\RQHRI WKHPXRQVIURP B0→ K∗0µ+µ− ,Q+/7 PRUHWULJJHUOLQHV
ZHUHXVHG 7KH\DUHHLWKHUWRSRORJLFDOWULJJHUV >@RUPXRQWULJJHUV >@ $VLQ+/7 WKH
WULJJHUKDGWREHILUHGE\RQHRUVHYHUDORI WKHILQDOVWDWHSDUWLFOHVRI B0→ K∗0µ+µ−
<b7b8b  )/-' *!!'$) . ' /$*) K./-$++$)" . ' /$*)L
%HIRUHWKHGDWDFDQEHDQDO\VHGE\WKHXVHU DFHQWUDORIIOLQHVHOHFWLRQLVSHUIRUPHGLQRUGHU
WRORRVHO\VHOHFWHYHQWVRI LQWHUHVWIRUGLIIHUHQWDQDO\VHV )RUB0→ K∗0µ+µ− DFXWEDVHG
VHOHFWLRQZDVLPSOHPHQWHGZLWKFXWVRQWKH K+ pi− µ+µ− V\VWHP WKH K+ pi− V\VWHP
WKHGLPXRQV\VWHPDQGRQDOOLQGLYLGXDOWUDFNV )XUWKHUPRUH DORRVHFULWHULRQWRLGHQWLI\
WKHSDUWLFOHVDVPXRQVFDOOHG©,V0XRQ/RRVHªZDVSXWLQWKHVHOHFWLRQ )RUSDUWLFOHVZLWK
DPRPHQWXPEHWZHHQDQG*H9/c LWUHTXLUHVDWOHDVWWZRKLWVLQ0 0 0DQG0
  
FRPSDWLEOHZLWKWKHWUDFN IRUSDUWLFOHVZLWKDPRPHQWXPDERYH*H9/c LWUHTXLUHVDW
OHDVWWKUHHKLWVLQDOOPXRQVWDWLRQVH[FHSW0FRPSDWLEOHZLWKWKHWUDFN 7KHFXWVIRU
WKHVWULSSLQJVHOHFWLRQDUHVXPPDULVHGLQ7DEOH 
7DEOH  6HOHFWLRQFXWVIRU B0→ K∗0µ+µ− LQWKHVWULSSLQJ 7KHSDUWLFOHQDPHVVWDQG
IRUWKHV\VWHPVRI WKHLUFRUUHVSRQGLQJGDXJKWHUSDUWLFOH HJ WKHFXWVXQGHU B0
DUHDSSOLHGRQWKH K+pi−µ+µ− V\VWHP
3DUWLFOH 9DULDEOH 9DOXH
B0
PDVV !0H9/c DQG0H9/c
',5$ !
χ2YW[QGRI 
χ2,3 
χ2)'
 !
K∗0
PDVV !0H9/c DQG0H9/c
χ2YW[QGRI 
χ2)' !
µ+ µ−
χ2YW[QGRI 
χ2)' !
7UDFN
χ2YW[QGRI 
χ2,3 !
p7 !0H9/c
µ LV0XRQ/RRVH WUXH
<b7b9b - . ' /$*)
7KHSUHVHOHFWLRQLVDSSOLHGWRYHWRSDWKRORJLFDOHYHQWV ,WPDLQO\FRQWDLQVILGXFLDOFXWV HJ
UHTXLULQJWKHHYHQWWRFRPHIURPWKHSULPDU\YHUWH[RUWKHKDGURQVWRKDYHLQIRUPDWLRQ
IURPWKH5,&+ GHWHFWRUV 7KHFXWVDUHVXPPDULVHGLQ7DEOH 
',5$ VWDQGVIRU©GLUHFWLRQDQJOHªDQGLVWKHDQJOHEHWZHHQWKHVXPRI WKHUHFRQVWUXFWHGPRPHQWDRI DOO
GDXJKWHUSDUWLFOHVRI WKH B0 DQGWKHOLQHMRLQLQJWKHSULPDU\YHUWH[DQGWKHGHFD\YHUWH[RI WKH B0
)' VWDQGVIRUIOLJKWGLVWDQFH +RZHYHUWKHYDULDEOH χ2)' LVQRWUHODWHGWRWKHIOLJKWGLVWDQFH ,W LVWKH
©YHUWH[VHSDUDWLRQ χ2ªDQGLVDPHDVXUHRI WKHVHSDUDWLRQRI WZRYHUWLFHV 7HFKQLFDOO\LWLVWKH χ2 YDOXH
RI WKHFRPPRQYHUWH[RI DOOWUDFNVLQTXHVWLRQPLQXVWKHVXPRI WKH χ2 IRUWZRGLVWLQFWYHUWLFHV 7KH
QDPH χ2)' LVNHSWIRUFRQVLVWHQF\ZLWK/+&EFRQYHQWLRQV
  
7DEOH  6HOHFWLRQFXWVIRU B0→ K∗0µ+µ− LQWKHSUHVHOHFWLRQ
3DUWLFOH 9DULDEOH 9DOXH
µ LV0XRQ WUXH
K+
KDV5,&+ WUXH
'//Kpi  !
pi−
KDV5,&+ WUXH
'//Kpi 
7UDFN3DLUV _θWUDFN − θWUDFN_ !PUDG
7UDFN θ PUDG
./ 'LVWDQFH !
39
_ x39 − xEHDPD[LV _ PP
_ y39 − yEHDPD[LV _ PP
_ z39 − z¯LQWHUDFWLRQSRVLWLRQ_ PP

<b7b:b 0'/$1-$/ . ' /$*)
7KH ILQDO VHOHFWLRQRI B0 → K∗0µ+µ− ZDVSHUIRUPHGZLWK D%RRVWHG'HFLVLRQ7UHH
%'7XVLQJWKHVRIWZDUHSDFNDJH709$ >@ $ %'7 FRQVLVWRI DWUHHOLNHVWUXFWXUHRI
SDVVIDLOFULWHULDWKDWDUHPDGHLQVHQVLWLYHWRIOXFWXDWLRQVXVLQJDWHFKQLTXHFDOOHG©ERRVW
LQJª ZKLFKXVHVDZHLJKWHGDYHUDJHRI PDQ\GHFLVLRQWUHHV 7KH%'7 IRUB0→ K∗0µ+µ−
XVHVWKHIROORZLQJYDULDEOHVIRUWKHGLVFULPLQDWLRQEHWZHHQVLJQDODQGEDFNJURXQG
 )RU WKH B0 7KHGLUHFWLRQ DQJOH WKH IOLJKWGLVWDQFH WKH χ2,3 ZLWK UHVSHFW WR WKH
SULPDU\YHUWH[ WKHWUDQVYHUVHPRPHQWXP p7 DQGWKH χ2YW[
 )RUWKHLQWHUPHGLDWHREMHFWVK∗0 GLPXRQREMHFW 7KHIOLJKWGLVWDQFHZLWKUHVSHFW
WR WKHSULPDU\YHUWH[ WKH χ2,3 ZLWK UHVSHFW WR WKHSULPDU\YHUWH[ WKH WUDQVYHUVH
PRPHQWXPDQGWKH χ2YW[
 )RUWKHILQDOVWDWHSDUWLFOHV 7KH χ2,3 ZLWKUHVSHFWWRWKHSULPDU\YHUWH[ '//Kpi DQG
'//µpi 
KDV5,&+ LVDERROHDQYDULDEOHWKDWHTXDOVWUXHLI WKHSDUWLFOHKDVLQIRUPDWLRQIURPWKH5,&+ GHWHFWRUV
DVVLJQHGWRLW
7KH '//Kpi DQG '//µpiYDULDEOHZLOOEHH[SODLQHGLQ6HFW 
./ 'LVWDQFHVWDQGVIRU©.XOOEDFN/HLEOHUGLVWDQFHª DPHDVXUHZKLFKFDQEHXVHGWRUHMHFW©FORQHVª LH
WZRWUDFNVZKLFKDUHOLNHO\WREHIRUPHGRXWRI KLWVOHIWE\DVLQJOHSDUWLFOH )RUGHWDLOVVHH5HI >@
  
7KH%'7 ZDVWUDLQHGIRUWKHVLJQDOXVLQJ B0 → J/ψK∗0 ZKHUH J/ψ → µ+µ− IURP
FROOLVLRQGDWDLQ 7RWUDLQWKHEDFNJURXQG HYHQWVIURPWKH B0 PDVVVLGHEDQGV LQ
B0 → K∗0µ+µ− IURPFROOLVLRQGDWDZHUHXVHG 7KHVHHYHQWVZHUHQRW LQFOXGHG
LQ WKH ILQDODQDO\VLV +DOI RI WKHVDPSOH FRUUHVSRQGLQJ WR SE−1 ZDVXVHGIRU
WUDLQLQJ ZKLOHWKHRWKHUKDOI ZDVXVHGWRWHVWWKHSHUIRUPDQFHRI WKH%'77RGHWHUPLQH
WKHRSWLPDOZRUNLQJSRLQWRI WKH%'7WKHPHWULF M = s√
s+b
ZDVXVHG ZKHUH s LVWKH
QXPEHURI VLJQDOHYHQWVLQWKH B0 PDVVZLQGRZDQG b WKHQXPEHURI EDFNJURXQGHYHQWV
LQWKH B0 PDVVZLQGRZ 7KHUDQJHRI WKH%'7 RXWSXWLVEHWZHHQDQG WKHRSWLPDO
FXWZDVIRXQGWREHDW ,WZDVFKHFNHGWKDWDYDULDWLRQDURXQGWKLVYDOXHGRHVQRWOHDG
WRDVLJQLILFDQWLPSURYHPHQWRIM ZKHQDSSO\LQJWKH%'7 WRWKHIXOOGDWDVHW
7KHWRWDOHIILFLHQF\IRUVHOHFWLQJ B0 → K∗0µ+µ− HYHQWVDIWHUWKH%'7 LV 7KLV
YDOXHLVFDOFXODWHGZLWKUHVSHFWWR B0→ K∗0µ+µ− GHFD\VSURGXFHGLQ 4pi DQGLQFOXGHV
HIILFLHQFLHV IURPWKHJHRPHWULFDODFFHSWDQFH WULJJHU UHFRQVWUXFWLRQ VWULSSLQJ WKHSUH
VHOHFWLRQDQGWKH%'7 VHOHFWLRQ 7KHFRUUHVSRQGLQJHIILFLHQF\IRUVHOHFWLQJB0→ J/ψK∗0
HYHQWVLV 7KHGLIIHUHQFHVWHPVIURPWKHPXRQp7 GHSHQGHQFHRI WKHHIILFLHQF\RI
WKHWULJJHUDQGWKHORZHUHIILFLHQF\IRUUHFRQVWUXFWLQJWKHGLPXRQSDLUDWORZ q2 YDOXHVZLWK
UHVSHFWWRWKH q2 YDOXHRI WKH J/ψ 
<b7b;b #-(*)$0(  /* .
7KHGLPXRQVSHFWUXPRI WKHVHOHFWHGK+ pi− µ+ µ− FDQGLGDWHVVKRZVWZRODUJHH[FHVVHV
FDXVHGE\WKHUHVRQDQWGHFD\VRI J/ψ → µ+µ− DQG ψ(2S)→ µ+µ− IURPWKHGHFD\V
B0→ J/ψK∗0 DQG B0→ ψ(2S)K∗0 UHVSHFWLYHO\ %RWKGHFD\VDUHGRPLQDWHGE\WUHH
OHYHOGLDJUDPV $V WKH UHVRQDQWDQGQRQUHVRQDQWFRPSRQHQWVFDQQRWEHGLVHQWDQJOHG
LQ WKHVH UHJLRQV WKH\DUH UHPRYHGE\FXWV LQ WKHGLPXRQVSHFWUXP $ YHWR LV DSSOLHG
EHWZHHQ0H9/c2 DQG0H9/c2 LQWKHGLPXRQPDVVWRUHPRYHWKH J/ψ DQGEH
WZHHQ0H9/c2 DQG0H9/c2 LQWKHGLPXRQPDVVWRUHPRYHWKH ψ(2S) 7KHVL]H
RI WKHVHYHWRHVDUHGHWHUPLQHGE\WKHUDGLDWLYHWDLOVRI WKHUHVSHFWLYHGHFD\V 7KHORZHU
ERXQGVRI WKHYHWRHVDUHH[WHQGHGWR0H9/c2 DQG0H9/c2 IRU J/ψ → µ+µ−
DQG ψ(2S) → µ+µ− UHVSHFWLYHO\ LI m(K+pi−µ+µ−) < 52300H9/c2 7KH XSSHU
ERXQGVRI  WKHVHYHWRHVDUHH[WHQGHG WR0H9/c2 DQG0H9/c2 UHVSHFWLYHO\ LI
53300H9/c2 < m(K+pi−µ+µ−) < 54500H9/c2 7KHILUVWH[WHQVLRQLVQHHGHGGXHWR
WKHFRUUHODWLRQRI ORZUHFRQVWUXFWHG B0 PDVVDQGUHFRQVWUXFWLQJWKHGLPXRQPDVVDWWKH
ORZHQGRI WKHUDGLDWLYHWDLO 7KHVHFRQGH[WHQVLRQRQWKHRWKHUKDQGLVQHFHVVDU\WRWDNH
PLVUHFRQVWUXFWLRQHIIHFWVRQWKHXSSHUHGJHRI WKHUHFRQVWUXFWHG B0 PDVVSHDNLQWRDF
FRXQW 7KHHIIHFWRI WKHWZRH[WHQVLRQVRI WKHYHWRHVFDXVHVWKHLQWURGXFWLRQRI DZHLJKW
IRUWKHPD[LPXPOLNHOLKRRGILWIRUWKHDQJXODUDQDO\VLV 7KHUHFRQVWUXFWHG B0 FDQGLGDWH
7KHPDVV VLGHEDQGV IRU B0 → K∗0µ+µ− DUH GHILQHG DV IROORZV 7KH ORZHU VLGHEDQG VSDQV IURP
0H9/c2 WR0H9/c2 WKHXSSHUVLGHEDQGIURP0H9/c2 WR0H9/c2 DQG WKHVLJQDO
UHJLRQIURP0H9/c2 WR0H9/c2 7KLVFRUUHVSRQGVWRWKHVLWXDWLRQLQ)LJ  ZKHUHWKH\HO
ORZOLQHPDUNVWKHORZHUERXQGRI WKHORZHUPDVVVLGHEDQG
  
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)LJXUH  0DVV YHWRHV IRU B0 → K∗0µ+µ− WR UHMHFW B0 → J/ψK∗0 DQG B0 →
ψ(2S)K∗0 DVDIXQFWLRQRI WKH µ+µ− DQG K+pi−µ+µ− PDVV ,QUHGDUHWKH
YHWRHVLQWKHGLPXRQPDVVVSHFWUXPDQGLQEOXHLVWKHVLJQDOUHJLRQ
PDVVLVSORWWHGDJDLQVWWKHGLPXRQPDVVLQ)LJ  LQFOXGLQJDOOWKHYHWRHV
<b7b<b  &$)" &"-*0).
&RPELQDWRULDOEDFNJURXQGKDVDIDOOLQJGLVWULEXWLRQDVDIXQFWLRQRI WKHPDVVDQGFDQEH
HVWLPDWHGIURPFROOLVLRQGDWDGLUHFWO\ 6SHFLILFSHDNLQJEDFNJURXQGVKDYHWREHFRQVLGHUHG
VHSDUDWHO\ 7KH\FRQVLVWIRUWKHODUJHVWSDUWRI H[FOXVLYHGHFD\VZKHUHRQHRUPRUHSDUWLFOHV
DUHPLVLGHQWLILHG DQG WKHUHIRUH HQGXS LQ WKHPDVV UHJLRQRI  WKH B0 7KH VWUDWHJ\ WR
YHWRWKHVHHYHQWVLVWKHVDPHIRUDOORI WKHP 7KHHYHQWLVUHFRQVWUXFWHGZLWKGLIIHUHQW
PDVVK\SRWKHVHVIRUWKHSDUWLFOHV FRUUHVSRQGLQJWRWKHPDVVK\SRWKHVHVIRUWKHSHDNLQJ
EDFNJURXQGGHFD\VLQTXHVWLRQ ,I WKHFRPELQDWLRQXQGHUWKHQHZK\SRWKHVHVWKHQSHDNV
LQDJLYHQUHJLRQ WKHHYHQWLVUHMHFWHG
$QH[DPSOHLVWKHGHFD\ B0→ J/ψK∗0 ,WFDQEHDVRXUFHRI SHDNLQJEDFNJURXQG LI WKH
SLRQIURPK∗0→ K+pi− LVPLVUHFRQVWUXFWHGDVDPXRQDQGWKH µ− IURP J/ψ→ µ+µ− LV
PLVUHFRQVWUXFWHGDVDSLRQ 7KHUHVXOWLQJLQYDULDQWPDVVRI DOOIRXUILQDOVWDWHSDUWLFOHVWKHQ
SHDNVLQWKH B0 PDVVUHJLRQ 7KLVEDFNJURXQGFDQEHH[FOXGHGE\DVVLJQLQJWKHSDUWLFOH
UHFRQVWUXFWHGDVDSLRQ DPXRQPDVVK\SRWKHVLVDQGDVVLJQLQJWKHSDUWLFOH UHFRQVWUXFWHG
DVDPXRQZLWKWKHVDPHFKDUJHDVWKHSLRQ DSLRQPDVVK\SRWKHVLV 7KHLQYDULDQWPDVVRI
WKHGLPXRQV\VWHPFDQWKHQEHH[DPLQHG 7KHFDQGLGDWHLVH[FOXGHGLI WKHGLPXRQPDVV
ZLWKWKHQHZO\DVVLJQHGPDVVK\SRWKHVHVLVEHWZHHQ0H9/c2 DQG0H9/c2 LH
  
DURXQGWKHQRPLQDO J/ψ PDVV DQGWKHSLRQIXOILOOV '//µpi !RUVDWLVILHVWKH LV0XRQ
FULWHULRQ $ VLPLODUSURFHGXUHZDVLPSOHPHQWHGIRUWKHFDVHZKHUHDNDRQDQGDPXRQ
ZHUHVZDSSHG
)XUWKHUSHDNLQJEDFNJURXQGVZHUHUHMHFWHGIROORZLQJWKHVDPHSURFHGXUH 7KHVHDUHB0s→
φµ+µ− ZKHUHDNDRQIURPWKH φ LVLGHQWLILHGDVDSLRQDQGB+→ K+µ+µ− ZKHUHDVRIW
SLRQLVDGGHGIURPWKHUHVWRI WKHHYHQW $OVRFRQVLGHUHGZHUHHYHQWVRIB0→ K∗0µ+µ−
ZKHUHWKHGDXJKWHUSDUWLFOHVRI WKHK∗0 ZHUHVZDSSHG OHDGLQJWRDZURQJWDJRI WKHGHFD\
DQG Λ0b→ pK−µ+µ− ZKHUHHLWKHUWKHSURWRQLVPLVLGHQWLILHGDVDSLRQRUDNDRQDQGWKH
NDRQDVDSLRQ 7KHUHMHFWLRQSURFHHGHGVLPLODUO\WRWKHRWKHUSHDNLQJEDFNJURXQGV
3HDNLQJEDFNJURXQGVZKRVH FRQWULEXWLRQZHUH FDOFXODWHG WREHQHJOLJLEOHZHUH B+ →
K∗+µ+µ− ZKHUHDUDQGRPNDRQRUSLRQLVDGGHGDQGRQHGHFD\SDUWLFOHRI WKH K∗+
LVQRW UHFRQVWUXFWHG Λ0b → Λ∗(1520)µ+µ− ZLWK Λ∗(1520) → pK− ZKHUH WKHSUR
WRQ LVPLVLGHQWLILHGDVDSLRQ B0 → ρµ+µ− ZKHUHDSLRQ LVPLVLGHQWLILHGDVDNDRQ
B0s→ f0(980)µ+µ− ZKHUHDSLRQLVPLVLGHQWLILHGDVDNDRQDQG B0s→ K∗0µ+µ− ZLWK
RXWPLVLGHQWLILFDWLRQ EXWWKHZURQJPRWKHUSDUWLFOH
$QRWKHUW\SHRI SRWHQWLDOEDFNJURXQGLV b→ cµ c→ dµ FDVFDGHGHFD\V IRUH[DPSOH
B0→ D−µ+νµ ZLWK D−→ K∗0µ−νµ 7KHVHW\SHVRI EDFNJURXQGVFDQEHODUJHO\VXS
SUHVVHGE\RQO\DFFHSWLQJ B0 FDQGLGDWHVZLWKDPDVVODUJHUWKDQ0H9/c2 &DVFDGH
GHFD\VWHQGWRKDYHDQRQXQLIRUPDQJXODUGLVWULEXWLRQRI WKHREVHUYDEOHVRI LQWHUHVWIRU
B0→ K∗0µ+µ− ZKLFKFRXOGELDVWKHILQDOUHVXOWLI WKH\ZHUHSUHVHQW ,WZDVWKHUHIRUH
FKHFNHGWKDWWKHDQJXODUGLVWULEXWLRQVRI EDFNJURXQGHYHQWVLQWKHORZHUDQGWKHXSSHU
PDVVVLGHEDQGVDUHFRPSDWLEOHZLWKHDFKRWKHU VHH)LJ 
7KHRYHUDOOIUDFWLRQRI SHDNLQJEDFNJURXQGVDQGWKHVLJQDOORVVIURPWKHDSSOLFDWLRQRI WKH
YHWRHVDUHVXPPDULVHGLQ7DEOH  $OOWKHQXPEHUVZHUHHVWLPDWHGIURPVLPXODWLRQDQG
XVLQJWKHEUDQFKLQJIUDFWLRQVIURPWKH3'* >@
7DEOH  &RQWDPLQDWLRQRI WKHILQDOVDPSOHE\VSHFLILFSHDNLQJEDFNJURXQGVDQGDPRXQW
RI VLJQDOORVVGXHWRWKHDSSOLFDWLRQRI WKHYHWRHVIRUWKHSHDNLQJEDFNJURXQGV
7KHQXPEHUVZHUHFDOFXODWHGXVLQJVLPXODWLRQ
'HFD\ %DFNJURXQGOHYHO>@ 6LJQDOORVV>@
B0→ K∗0µ+µ− pi ↔ K 0.85± 0.02 
B0→ J/ψK∗0 pi ↔ µ 0.27± 0.08 
B0→ J/ψK∗0 K ↔ µ 0.00± 0.00 
B0s→ φµ+µ− 1.23± 0.50 
B+→ K+µ+µ− 0.14± 0.03 
Λ0b→ pK−µ+µ− 0.75± 0.15 
7RWDO 3.24± 0.53 
  
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)LJXUH  &RPSDULVRQRI WKHDQJXODUGLVWULEXWLRQVRI WKHOHIWEOXHGDVKHGDQGWKHULJKW
UHGVLGHEDQGIRU B0→ K∗0µ+µ− IRU FRV θ% D FRV θK EDQG φ F
  
<b8b *-- /$*). /* /# .$(0'/$*)
7KHVLPXODWLRQLVXVHGWRHVWLPDWHWKHDPRXQWRI SHDNLQJEDFNJURXQGDVVHHQLQWKHODVW
VHFWLRQDQGWRFRUUHFWIRUGHWHFWRUDFFHSWDQFHHIIHFWV )RUWKLVSXUSRVH WKHGLVWULEXWLRQV
RI WKHYDULDEOHVLQWKHVLPXODWLRQPXVWFRUUHVSRQGWRWKHRQHVLQWKHFROOLVLRQGDWD 7ZR
GLIIHUHQWW\SHRI FRUUHFWLRQVWRWKHVLPXODWHGVDPSOHVKDYHEHHQDSSOLHG ,I WKHYDULDEOHLV
XVHGLQWKH%'7LWLVDGMXVWHGRUUHSODFHGEHIRUHWKHDSSOLFDWLRQRI WKH%'77KHVHYDUL
DEOHVLQFOXGHWKHLPSDFWSDUDPHWHURI WKH B0 DQGWKHIRXUILQDOVWDWHSDUWLFOHV WKH '//Kpi
YDULDEOHIRUSDUWLFOHLGHQWLILFDWLRQRI WKH K+ DQG pi− DQGWKH '//µpi IRUSDUWLFOHLGHQWLIL
FDWLRQRI WKHPXRQV )XUWKHUPRUHWKHVLPXODWLRQLVUHZHLJKWHGWRDFFRXQWIRUGLIIHUHQW
GLVWULEXWLRQVRI LV0XRQ ZKLFKLVXVHGLQWKHSUHVHOHFWLRQ DQGWKHWUDFNLQJHIILFLHQF\ ,I
DYDULDEOHLVQRWXVHGLQWKH%'7WKHYDULDEOHLVUHZHLJKWHGVRWKDWWKHGLVWULEXWLRQVLQ
VLPXODWLRQDQGFROOLVLRQGDWDDJUHH 7KHGLIIHUHQWFRUUHFWLRQVDUHGLVFXVVHGEHORZ
<b8b7b 
(+/ +-( / - - .*'0/$*)
7KH LPSDFWSDUDPHWHUUHVROXWLRQ LQ WKH xFRRUGLQDWH LQFROOLVLRQGDWDDQGVLPXODWLRQ LV
VKRZQDVDIXQFWLRQRI WKHLQYHUVHWUDQVYHUVHPRPHQWXPLQ)LJ  $ FOHDUGLIIHUHQFH
EHWZHHQWKHWZRVDPSOHVFDQEHVHHQ 7KHRULJLQRI WKLVGLVFUHSDQF\LVQRWIXOO\XQGHUVWRRG
,WLVDVVXPHGWRFRPHIURPDQLQFRUUHFWPDWHULDOGHVFULSWLRQLQWKH5) IRLOLQWKH9(/2
LQ WKH VLPXODWLRQ 7RDGDSW WKH LPSDFWSDUDPHWHU UHVROXWLRQRI  WKHSDUWLFOHV WKH WUDFN
VWDWHVDUH©VPHDUHGª LH DUDQGRPQXPEHUREWDLQHGIURPD*DXVVLDQGLVWULEXWLRQLVDGGHG
WR WKH x DQG yFRRUGLQDWHVRI WKHVWDWH 7KLV LV GRQHEHIRUH WKH VWULSSLQJ VHOHFWLRQ LV
DSSOLHGWRWKHVLPXODWHGVDPSOH 7KHHIIHFWRI WKLVVPHDULQJRQWKH B0 LPSDFWSDUDPHWHU
RI B0 → J/ψK∗0 GHFD\V LV VKRZQ LQ)LJ  DQGPRUH LQIRUPDWLRQFDQEH IRXQG LQ
5HI >@
<b8b8b 0*) $ )/$!$/$*)
0XRQVDUHVHOHFWHGZLWKWKHLV0XRQFULWHULRQDQGWKH '//µpi FODVVLILHU '// VWDQGVIRU
©GHOWDORJOLNHOLKRRGªDQGLVJLYHQE\WKHIROORZLQJH[SUHVVLRQ
'//µpi = ORJ (Lµ)− ORJ(Lpi) , 
ZKHUHLµ LVWKHOLNHOLKRRGRI WKHSDUWLFOHEHLQJDPXRQDQGLpi WKHOLNHOLKRRGRI WKHSDUWLFOH
EHLQJDSLRQ 7KHODWHULVMXVWXVHGDVDQRUPDOLVDWLRQ DVSHUGHILQLWLRQHYHU\SDUWLFOHLV
FRQVLGHUHGDSLRQLI QRSDUWLFOHLGHQWLILFDWLRQFULWHULDDUHDSSOLHG 7KH '//µpi FODVVLILHU
WKHUHIRUHJLYHVWKHORJDULWKPLFOLNHOLKRRGRI DSDUWLFOHWREHPXRQOLNHLQVWHDGRI SLRQOLNH
SDUWLFOHVZLWKQHJDWLYHYDOXHVIRU '//µpi DUHPRUHSLRQOLNHWKDQPXRQOLNHDQGYLFHYHUVD
IRUSRVLWLYHYDOXHV 7KH '//µpi FODVVLILHULVEXLOWRXWRI LQIRUPDWLRQRI DOOVXEGHWHFWRUV
XVHGIRUSDUWLFOHLGHQWLILFDWLRQ EXWWKHPDLQFRQWULEXWLRQIRU '//µpi LVSURYLGHGE\WKH
PXRQV\VWHP :KLOHWKHEDVLFSULQFLSOHLVWKHVDPHIRUDOOWKHRWKHU'// FODVVLILHUV OLNH
  
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)LJXUH  ,PSDFWSDUDPHWHUUHVROXWLRQDVDIXQFWLRQRI p7 LQVLPXODWLRQDQGFROOLVLRQ
GDWDWDNHQLQ ,WFDQFOHDUO\EHVHHQWKDWWKHUHVROXWLRQLVRYHUHVWLPDWHG
LQWKHVLPXODWLRQFRPSDUHGWRFROOLVLRQGDWD )LJXUHWDNHQIURP5HI >@
'//Kpi  WKHFRQWULEXWLQJVXEGHWHFWRUVKDYHGLIIHUHQWZHLJKWVGHSHQGLQJRQWKHVSHFLILF
FODVVLILHU )RU '//Kpi  WKH5,&+ GHWHFWRUVSOD\WKHPDLQUROH
,QDGGLWLRQWRDSSO\LQJ '//µpi  '//Kpi LVDSSOLHGWRDOOILQDOVWDWHSDUWLFOHV ,QWKHPXRQ
FDVHLWLVXVHGWRUHMHFWKDGURQVPLVLGHQWLILHGDVPXRQV 7KHGLVWULEXWLRQVRI WKHFODVVL
ILHUV '//µpi DQG '//Kpi GRQRWDJUHHRQFROOLVLRQGDWDDQGRQVLPXODWLRQ +RZHYHU WKH
GLVDJUHHPHQWIRU '//µpi LVVPDOOHUFRPSDUHGWRWKHRQHIRU '//Kpi  7KHGLVWULEXWLRQRI
'//µpi DQG '//Kpi IRUPXRQVIRUFROOLVLRQGDWDDQGVLPXODWLRQLVVKRZQLQ)LJ  7KH
GLVWULEXWLRQLVSORWWHGXVLQJDWDJDQGSUREHDSSURDFKIRU J/ψ → µ+µ− IURPWKHGHFD\
B+→ J/ψK+ ZKHUHKDUGFXWVDUHDSSOLHGWRWKHWDJPXRQVRWKDWWKHGLPXRQLQYDUL
DQWPDVVGLVWULEXWLRQLVEDFNJURXQGIUHH )XUWKHUPRUH WKHSUREHPXRQLVUHTXLUHGQRWWR
KDYHILUHGWKHWULJJHU %RWKPXRQVZHUHUHTXLUHGWRKDYHSDVVHGWKHLV0XRQFRQGLWLRQ
7KHVWUDWHJ\WRFRUUHFWWKH '//Kpi DQG '//µpi RQVLPXODWLRQZDVWKHIROORZLQJ )LUVW
WKH '//µpi DQG '//Kpi GLVWULEXWLRQV IRU UHDOPXRQV DV D IXQFWLRQRI  WKHPRPHQWXP
DQGSVHXGRUDSLGLW\ZHUHGHWHUPLQHG )RUWKLVSXUSRVH WKHGHFD\ B+ → J/ψK+ ZLWK
J/ψ→ µ+µ− DQGDWDJDQGSUREHDSSURDFKLVXVHG 7KHELQQLQJLQWKHPRPHQWXPDQG
WKHSVHXGRUDSLGLW\ZDVFKRVHQDVWKHODUJHVWGHYLDWLRQLVH[SHFWHGEHWZHHQFROOLVLRQGDWD
DQGVLPXODWLRQLQWKHVHWZRYDULDEOHV )XUWKHUPRUH WKHVHWZRYDULDEOHVKDYHGLIIHUHQWGLV
WULEXWLRQVIRU B+→ J/ψK+ DQG B0→ K∗0µ+µ− 7KHVHOHFWLRQRI WKHPXRQVDQGWKH
FDOFXODWLRQRI WKHFODVVLILHUYDOXHVDUHH[SODLQHGEHORZ )RUHDFKELQLQPRPHQWXPDQG η
WKH '//µpi DQG '//Kpi GLVWULEXWLRQVDUHGHWHUPLQHGDQGDQHZ '//µpi DQG '//Kpi YDOXH
IRUWKHPXRQVLQWKHVLPXODWLRQLVWKHQDVVLJQHGDFFRUGLQJWRWKHGLVWULEXWLRQV
7KHVWULSSLQJVHOHFWLRQ IRU WKHGHFD\ B+ → J/ψK+ GHYHORSHGHVSHFLDOO\ IRUSDUWLFOH
LGHQWLILFDWLRQVWXGLHV ILUVWVHOHFWVRSSRVLWHO\FKDUJHGGLPXRQSDLUVZLWKDWDJDQGSUREH
DSSURDFK 7KHGLPXRQV\VWHPLVWKHQFRPELQHGZLWKDNDRQWRIRUP B+ FDQGLGDWH 7KH
  
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)LJXUH  &RPSDULVRQEHWZHHQWKHLPSDFWSDUDPHWHURI WKHB0 LQB0→ J/ψK∗0 GHFD\V
LQFROOLVLRQGDWDUHGDQGVLPXODWLRQEODFN EHIRUHWKHVPHDULQJDDQG
DIWHUWKHVPHDULQJE )LJXUHWDNHQIURP5HI >@
  
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)LJXUH  &RPSDULVRQEHWZHHQWKH '//µpi DDQG '//Kpi EFODVVLILHUVRQUHDOPXRQV
IURP J/ψ→ µ+µ− FRPLQJIURP B+→ J/ψK+ ,QUHGLVVLPXODWLRQDQGLQ
EODFNFROOLVLRQGDWD 7KHLV0XRQFRQGLWLRQLVDSSOLHGLQWKHVHSORWV
DGGLWLRQDOFRQVWUDLQWRQWKH B+ PDVVLPSURYHVWKHEDFNJURXQGUHMHFWLRQ 7KHVWULSSLQJ
VHOHFWLRQFXWVDUHJLYHQLQ7DEOH 
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)LJXUH  'LPXRQPDVVGLVWULEXWLRQZKHQVHOHFWLQJWKHGHFD\B+→ J/ψK+ ,QEOXHDUH
WKHVLGHEDQGVDQGLQUHGLVWKHVLJQDOUHJLRQWRGHWHUPLQHWKHLV0XRQ '//µpi
DQG '//Kpi HIILFLHQF\
0RUHFXWVDUHDSSOLHG WRIXUWKHUFOHDQ WKHGLPXRQ LQYDULDQWPDVVGLVWULEXWLRQ WKH\DUH
VXPPDULVHGLQ7DEOH  ,QDGGLWLRQ WKHHYHQWZDVUHTXLUHGQRWWREHWULJJHUHGH[FOXVLYHO\
RQWKHSUREHPXRQ
7KHGLPXRQLQYDULDQWPDVVLVGLYLGHGLQWRWKUHHUHJLRQVWRDOORZDVWDWLVWLFDOVXEWUDFWLRQ
RI SRWHQWLDOEDFNJURXQG 7KHUHJLRQEHWZHHQ0H9/c2 DQG0H9/c2 LVWKHVLJQDO
UHJLRQ WKHUHJLRQVRI 0H9/c2²0H9/c2 DQG0H9/c2²0H9/c2 DUHWKH
  
VLGHEDQGUHJLRQV 7KHJDSEHWZHHQWKHVLJQDODQGWKHEDFNJURXQGUHJLRQZDVWRDYRLG
FRQWDPLQDWLRQIURPWKHUDGLDWLYHWDLODQGDOVRWDNHLQWRDFFRXQWWKDWIRUKLJKPRPHQWXP
WUDFNVWKH J/ψ SHDNLVEURDGHUWKDQIRUORZPRPHQWXPWUDFNV 7KHGLPXRQLQYDULDQWPDVV
DQGWKHGLIIHUHQWUHJLRQVDUHVKRZQLQ)LJ 
7KHHIILFLHQF\IRUDJLYHQFXWRQ '//µpi FDQWKHQEHFDOFXODWHGLQWKHIROORZLQJZD\
ε'//µpi =
RI HYHQWVZLWK '//µpi !FXW9DOXHRQWKHWDJPXRQ
RI HYHQWV
, 
ZKHUHWKH©RI HYHQWVªLVWKHQXPEHURI HYHQWVLQWKHVLJQDOUHJLRQPLQXVWKHQXPEHURI
HYHQWVLQWKHWZRVLGHEDQGV 7KLVLVGRQHIRUHYHU\ELQLQPRPHQWXPDQGSVHXGRUDSLGLW\
ZKLFKDOORZVWKHFRQVWUXFWLRQRI WKH '//µpi GLVWULEXWLRQIRUHDFKRI WKHVHELQV $ UDQGRP
YDOXHRI '//µpi LVGUDZQDFFRUGLQJWRWKLVGLVWULEXWLRQLQWKHFRUUHVSRQGLQJPRPHQWXP
DQGSVHXGRUDSLGLW\ELQRI WKHVLPXODWHGSDUWLFOH 7KH '//µpi YDOXHRI WKHVLPXODWHGSDUWLFOH
LV WKHQ UHSODFHGZLWK WKLV UDQGRPYDOXH 7KH VDPHSURFHGXUH LVGRQH IRU '//Kpi IRU
PXRQV
7KHXQFHUWDLQW\RQWKHHIILFLHQF\LVJLYHQE\
σε'//µpi =
√
(1− 2ε)(kVLJ + k6%) + ε2(NVLJ +N6%)
(NVLJ −N6%)2 , 
ZKHUH kVLJ DQG k6% FRUUHVSRQGWRWKHQXPHUDWRULQ(T  IRUWKHVLJQDOUHJLRQDQGWKH
VLGHEDQGV UHVSHFWLYHO\ DQG NVLJ DQG N6% FRUUHVSRQGWRWKHGHQRPLQDWRUIRUVLJQDOUHJLRQ
DQG VLGHEDQGV 7KH IRUPXOD LVGHULYHG LQ$SSHQGL[ %1RWH WKDW WKLV IRUPXOD VOLJKWO\
RYHUHVWLPDWHVWKHXQFHUWDLQW\DVLWDOVRDVVLJQVDQXQFHUWDLQW\RQWKHWRWDOQXPEHURI VLJQDO
HYHQWV 7KLVLQSULQFLSOHVKRXOGQRWEHGRQHLQDWDJDQGSUREHDSSURDFK WKHQXPHUDWRU
LQ(T  LVDVWULFWVXEVHWRI WKHGHQRPLQDWRU +RZHYHU WKLVVPDOO©FRQVHUYDWLVPªZDV
QRWFRQVLGHUHGWREHDSUREOHP
$ VLPLODUPHWKRGZDVXVHGWRREWDLQWKHHIILFLHQF\IRULV0XRQRQGDWD 7KHVDPHVWULSSLQJ
DQGRIIOLQHVHOHFWLRQVZHUHXVHGDVIRUWKHGHWHUPLQDWLRQRI '//µpi DQG '//Kpi  KRZHYHU
ZLWKRXWDSSO\LQJWKHLV0XRQFRQGLWLRQRQWKHWDJPXRQ 7KHHIILFLHQF\FDQWKHQEHGH
WHUPLQHGWKHVDPHZD\DVGHVFULEHGIRU '//µpi  WKHRQO\GLIIHUHQFHEHLQJWKHIDFW WKDW
RQO\RQHFXWYDOXHH[LVWV DVLV0XRQLV%RROHDQ 7KHHIILFLHQF\IRUHDFKPRPHQWXPDQG
SVHXGRUDSLGLW\ELQWRSDVVLV0XRQZDVXVHGWRZHLJKWWKHVLPXODWHGHYHQWVZLWKWKLVHIIL
FLHQF\ 7KHHIILFLHQF\PDSIRULV0XRQDQGWKHUDWLREHWZHHQFROOLVLRQGDWDDQGVLPXODWLRQ
LVVKRZQLQ)LJ 
<b8b9b 4./ (/$ 0) -/$)/4 !*- /# (0*) $ )/$!$/$*)
7RFKHFNIRUV\VWHPDWLFHIIHFWVDULVLQJIURPWKHSURFHGXUHWRREWDLQWKH'//µpi DQG'//Kpi
YDOXHVIRUPXRQV WKHIROORZLQJPHWKRGZDVDGRSWHG 7KH B+→ J/ψK+ VDPSOHIURP
FROOLVLRQGDWDZDVVSOLWLQWZRKDOYHV 7KHILUVWKDOI ZDVXVHGWRGHWHUPLQHWKH '//µpi GLV
WULEXWLRQRQFROOLVLRQGDWD WKHVHFRQGKDOI ZDVXVHGWRFRPSDUHWKHHIIHFWRI DSSO\LQJD
  
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)LJXUH  (IILFLHQF\PDSVIRUWKHLV0XRQFODVVLILHU DVKRZVWKHHIILFLHQF\IRUSDVVLQJ
WKHLV0XRQFULWHULRQDVDIXQFWLRQRI WKHPRPHQWXPDQGSVHXGRUDSLGLW\LQ
FROOLVLRQGDWD GHWHUPLQHGZLWKWKHWDJDQGSUREHPHWKRGRQ B+→ J/ψK+
EVKRZVWKHUDWLRRI WKHHIILFLHQFLHVLQFROOLVLRQGDWDDQGVLPXODWLRQ ZKHUH
ERWKHIILFLHQFLHVZHUHGHWHUPLQHGRQ B+→ J/ψK+
7DEOH  6HOHFWLRQFXWVIRU B+→ J/ψK+ LQWKHVWULSSLQJVHOHFWLRQ
3DUWLFOH 9DULDEOH 9DOXH
WDJPXRQ
LV0XRQ WUXH
p !*H9/c
p7 !*H9/c
χ2,3 !
K+ χ2,3 !
µ+µ−
χ2YW[QGRI 
χ2)' !
µ+µ− K+ χ2,3 
  
7DEOH  6HOHFWLRQFXWVIRUWKHB+→ J/ψK+ RIIOLQHVHOHFWLRQIRUSDUWLFOHLGHQWLILFDWLRQ
VWXGLHV
3DUWLFOH 9DULDEOH 9DOXH
WDJPXRQ LV0XRQ WUXH
K+ '//Kpi !
µ+µ− K+
',5$ !
PDVV 0H9/c2 DQG!0H9/c2
RI FDQGLGDWHVHYHQW 
FXWRQWKHQHJDWLYHPXRQIURP B+→ J/ψK+ WRZHLJKWLQJWKHHYHQWZLWKWKHHIILFLHQF\
FRUUHVSRQGLQJWRWKH '//µpi FXWIRUWKHQHJDWLYHPXRQ 7KHQXPEHURI HYHQWVWKDWSDVV
WKHFXW RUDUHZHLJKWHG ZDVWKHQGHWHUPLQHGZLWKDILWWRWKHGLPXRQGLVWULEXWLRQZKHUHD
GRXEOH*DXVVLDQ ZDVXVHGWRGHVFULEHWKHVLJQDOGLVWULEXWLRQDQGDQH[SRQHQWLDOIXQFWLRQ
WRGHVFULEHWKHEDFNJURXQGGLVWULEXWLRQ 7KHVDPHSURFHGXUHZDVIROORZHGIRU '//Kpi 
7KHUHVXOWRI WKLVFRPSDULVRQFDQEHVHHQLQ)LJ  DQG)LJ  %RWKGLVWULEXWLRQVVKRZ
JRRGDJUHHPHQWIRUUHJLRQVRI KLJKHIILFLHQF\ EXWZRUVHDJUHHPHQWIRUORZHIILFLHQF\RI
WKH '//µpi RU '//Kpi FXW $OWKRXJKWKHUHLVQRIL[HGFXWYDOXHIRU '//µpi DQG '//Kpi 
DVERWKYDULDEOHVDUH LQFOXGHGLQD%'7SUHIHUHQWLDOO\YDOXHVFRUUHVSRQGLQJWRKLJKHI
ILFLHQFLHVZLOOEHXVHG 7KHJURZLQJGLVFUHSDQFLHVZKHQPRYLQJWRKLJKHUYDOXHVRI WKH
FODVVLILHUVDUH WKHUHIRUH QRWVLJQLILFDQW )XUWKHUPRUHLWVKRXOGEHQRWHGWKDWWKHVWDWLVWLFV
IRUKLJKYDOXHVZDVWRRORZWRGHWHUPLQHWKHV\VWHPDWLFHIIHFWDFFXUDWHO\
,WLVQRWHQWLUHO\FOHDUZKHUHWKHVPDOOLQLWLDOGLVFUHSDQF\FRPHVIURP ,WFRXOGEHGXHWR
EDFNJURXQGZKLFKLVQRWWRWDOO\IODW 7KHUHIRUHWKHVLGHEDQGVXEWUDFWLRQZRXOGQRWH[DFWO\
UHSURGXFHWKHQXPEHURI VLJQDOHYHQWV 0RUHRYHULWLVSRVVLEOHWKDWWKHUHDUHWUDFNVRXWVLGH
WKHUHJLRQZKLFKLVFRYHUHGLQWKHPRPHQWXPDQGSVHXGRUDSLGLW\ELQV +RZHYHU IRUWKH
DQDO\VLVRI B0 → K∗0µ+µ− WKHVHHIIHFWVDQGWKHLUUHVXOWLQJGLVFUHSDQF\DUHDOOZLWKRXW
UHOHYDQFH
<b8b:b *) $ )/$!$/$*)
.DRQVDQGSLRQVDUHLGHQWLILHGXVLQJWKH '//Kpi YDULDEOHZKRVHGLVWULEXWLRQLVYHU\GLIIHU
HQWLQVLPXODWLRQDQGFROOLVLRQGDWD 7KHIROORZLQJSURFHGXUH YHU\VLPLODUWRWKHRQHIRU
PXRQV ZDVWKHUHIRUHDGRSWHG DVDPSOHRI JHQXLQHSLRQVDQGNDRQVZDVVHOHFWHGLQFROOL
$ GRXEOH*DXVVLDQLVWKHVXPRI WZR*DXVVLDQ3')V )RUWKHILWGHVFULEHGLQWKLVVHFWLRQ WKHIUDFWLRQ
EHWZHHQWKHWZR*DXVVLDQIXQFWLRQVZDVGHWHUPLQHGZKHQILWWLQJWKHGLPXRQPDVVGLVWULEXWLRQZLWKRXW
FXWVDQGWKHQIL[HGWRWKLVYDOXHZKHQGHWHUPLQLQJWKHDPRXQWRI VLJQDOIRUWKHFDVHZLWKWKHFXWVDQG
WKHZHLJKWLQJ
  
πµDLL
-10 0 10
eff
ici
en
cy
0
0.2
0.4
0.6
0.8
1
D
πµDLL
-10 0 10
eff
ici
en
cy
 sc
ale
 / e
ffi
cie
nc
y c
ut
0.9
0.92
0.94
0.96
0.98
1
1.02
E
)LJXUH  ,QDLVVKRZQWKHFRPSDULVRQEHWZHHQFXWWLQJRQWKH '//µpi RI WKHQHJDWLYH
PXRQLQ B+→ J/ψK+ EOXHGDVKHGOLQHDQGZHLJKWLQJWKHHYHQWDFFRUGLQJ
WRWKHGHWHUPLQHGHIILFLHQF\UHGGDWDSRLQWV ,QELVVKRZQWKHUDWLRRI ERWK
HIILFLHQFLHV 1RWHWKDWWKHHUURUVDUHVWURQJO\FRUUHODWHGEHWZHHQWKHLQGLYLGXDO
ELQVDQGWKDWWKHYDOXHVDQGHUURUVDUHQRWDFFXUDWHDQ\PRUHDERYHDYDOXHRI
DERXW
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)LJXUH  ,QDLVVKRZQWKHFRPSDULVRQEHWZHHQFXWWLQJRQWKH '//Kpi RI WKHQHJDWLYH
PXRQLQ B+→ J/ψK+ EOXHGDVKHGOLQHDQGZHLJKWLQJWKHHYHQWDFFRUGLQJ
WRWKHGHWHUPLQHGHIILFLHQF\UHGGDWDSRLQWV ,QELVVKRZQWKHUDWLRRI ERWK
HIILFLHQFLHV 1RWHWKDWWKHHUURUVDUHVWURQJO\FRUUHODWHGEHWZHHQWKHLQGLYLGXDO
ELQVDQGWKDWWKHYDOXHVDQGHUURUVDUHQRWDFFXUDWHDQ\PRUHDERYHDYDOXHRI
DERXW
  
VLRQGDWD XVLQJWKHGHFD\VD∗+→ D0pi+ ZLWKD0→ K−pi+ Λ→ ppi− DQGK06 → pi+pi−
7KHILQDOVWDWHSDUWLFOHVFDQEHVHOHFWHGZLWKRXWXVLQJSDUWLFOHLGHQWLILFDWLRQ 7KH '//Kpi
YDULDEOHZDVVDPSOHGIRUSLRQVDQGNDRQVIURPWKHVHGHFD\VLQPRPHQWXP SVHXGRUDSLGLW\
DQGQXPEHURI WUDFNV (DFKSLRQDQGNDRQLQWKHVLPXODWLRQWKHQJHWVDQHZ '//Kpi YDOXH
DVVLJQHG ZKLFKLVVXEVHTXHQWO\XVHGLQWKHVHOHFWLRQ
)XUWKHUPRUH WKH '//µpi FODVVLILHUZDVDOVRDSSOLHGWRYHWRPXRQVPLVLGHQWLILHGDVNDRQV
RUSLRQV 7KHSURFHGXUHWRH[WUDFWWKLVLQIRUPDWLRQLVWKHVDPHDVH[SODLQHGEHIRUH
<b8b;b 0-/# - *-- /$*). ) # &. /* /# .$(0'/$*)
7UDFNLQJHIÀFLHQF\ 7RDFFRXQWIRUGLIIHUHQFHVLQWKHWUDFNUHFRQVWUXFWLRQHIILFLHQF\
EHWZHHQVLPXODWLRQDQGFROOLVLRQGDWD WKHVLPXODWHGHYHQWVDUHZHLJKWHGDFFRUGLQJWRWKH
WZRGLPHQVLRQDOHIILFLHQF\PDSDVSUHVHQWHGLQ6HFW 
.LQHPDWLFGLIIHUHQFHV 7KHPRPHQWXPDQGWUDQVYHUVHPRPHQWXPVSHFWUDRI B0→
J/ψK∗0 ZHUHFRPSDUHGLQFROOLVLRQGDWDDQGVLPXODWLRQDQGIRXQGWREHLQJRRGDJUHH
PHQW 1RSHUIHFWDJUHHPHQWLVH[SHFWHG DVLQWKHFROOLVLRQGDWD DSROOXWLRQE\DQ SZDYH
WKHFRPSRQHQWLVSUHVHQW ZKLFKLVQRWWKHFDVHLQWKHVLPXODWLRQ
7KHRXWSXWRI WKH%'7 DIWHUWKHDSSOLFDWLRQRI WKHWULJJHU VWULSSLQJDQGWKHSUHVHOHFWLRQ
IRU B0 → J/ψK∗0 LVVKRZQLQ)LJ  ,WVKRZVJRRGDJUHHPHQWEHWZHHQVLPXODWLRQ
DQGFROOLVLRQGDWDIRUWKHFRQWUROFKDQQHODIWHUWKHDSSOLFDWLRQRI WKHSUHYLRXVO\GLVFXVVHG
FRUUHFWLRQV
<b9b *-- /$*) !*-  / /*-  +/) 
2QHRI WKHPDLQJRDOVLQWKHDQDO\VLVRI WKHGHFD\RI B0→ K∗0µ+µ− LVWKHH[WUDFWLRQ
RI SK\VLFVSDUDPHWHUVE\DQDQJXODUDQDO\VLV +RZHYHU WKHUHLVDFRPSOLFDWLRQ QRWRQO\
WKHXQGHUO\LQJSK\VLFVFDQLQIOXHQFHWKHDQJXODUGLVWULEXWLRQVRI WKHILQDOVWDWHSDUWLFOHV
EXWDOVRWKHGHWHFWRUDFFHSWDQFH 'HWHFWRUDFFHSWDQFHLQWKLVFRQWH[WPHDQVWKHH[SOLFLW
GHWHFWRUDFFHSWDQFHJLYHQE\WKH/+&EJHRPHWU\ EXWDOVRWKHLPSOLFLWDFFHSWDQFHJLYHQ
E\ IRUH[DPSOH FXWVWKDWWHQGWRIDYRXUWUDFNV LQRQHGLUHFWLRQRYHUDQRWKHUGLUHFWLRQ
([DPSOHVDUHWKHFXWVRQWKHLPSDFWSDUDPHWHU ZKLFKGLVIDYRXUVHYHQWVZKLFKDUHYHU\
IRUZDUG DVWKH\WHQGWRKDYHDVPDOOHULPSDFWSDUDPHWHU RUWKHUHTXLUHPHQWWKDWDPXRQ
PXVWKDYHDPRPHQWXPJUHDWHUWKDQ*H9/c LQRUGHUWROHDYHHQRXJKLQIRUPDWLRQLQWKH
PXRQVWDWLRQVWREHLGHQWLILHG
$QDFFHSWDQFHFRUUHFWLRQZDVGHYHORSHGWRFRUUHFWIRUWKHVHGLVWRUWLRQVRI WKHDQJXODU
GLVWULEXWLRQV $ ODUJHVDPSOHRI VLPXODWHG B0→ K∗0µ+µ− HYHQWVZDVJHQHUDWHGZKHUH
7KHGHFD\ B0 → J/ψK∗0 KDV WKH VDPH ILQDO VWDWH DV WKHGHFD\ B0 → J/ψK+pi− LH ZLWKRXW WKH
LQWHUPHGLDWH K∗0 UHVRQDQFH 7KHVH WZRGHFD\VFDQQRWEHGLVHQWDQJOHG LQ WKH LQYDULDQWPDVV DV WKH
QRQUHVRQDQWFRQWULEXWLRQLVDOZD\VSUHVHQWLQWKH K∗0 PDVVUHJLRQ +RZHYHU WKHQRQUHVRQDQWGHFD\
SURFHHGVYLDDQ SZDYHZKLOHWKHUHVRQDQWGHFD\SURFHHGVYLDD P ZDYH
  
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)LJXUH  &RPSDULVRQEHWZHHQWKH%'7 RXWSXWVIRUFROOLVLRQGDWDEODFN XQFRUUHFWHG
VLPXODWLRQ JUHHQ DQG FRUUHFWHG VLPXODWLRQ UHG RQ WKH FRQWURO FKDQQHO
B0→ J/ψK∗0 DIWHUWKHDSSOLFDWLRQRI WKHWULJJHU VWULSSLQJDQGRIIOLQHSUHV
HOHFWLRQ 7KHHIIHFWRI FRUUHFWLQJWKHVLPXODWHGGLVWULEXWLRQVWRWKHRQHVIURP
FROOLVLRQGDWDFDQFOHDUO\EHVHHQ
WKHGHFD\RI WKHSDUWLFOHVZDVRQO\VWHHUHGE\WKHDYDLODEOHSKDVHVSDFH 7KLVUHVXOWV LQ
IODWGLVWULEXWLRQVLQWKHDQJOHVDQGDIDOOLQJGLVWULEXWLRQLQ q2 7KHVLPXODWHGHYHQWVZHUH
WKHQFRUUHFWHGIRUWKHGLIIHUHQFHVEHWZHHQVLPXODWLRQDQGFROOLVLRQGDWDDVGHVFULEHGLQ
WKHSUHYLRXVVHFWLRQ 7KHQWKH\ZHUHUHTXLUHGWRSDVVWKHWULJJHU WKHVWULSSLQJDQGDOOWKH
RIIOLQHVHOHFWLRQV $ WUDQVIRUPDWLRQ LVDSSOLHGWRPD[LPLVHWKH\LHOGIURPWKHDYDLODEOH
VDPSOH WKH DFFHSWDQFH LV DVVXPHG WREH V\PPHWULF LQ FRV θl DERXW  DQG LQ φ LI WKH
WUDQVIRUPDWLRQ φ → φ + pi LV DSSOLHG $ ZHLJKWFDQ WKHQEHXVHG IRUHYHU\HYHQW LQ
DPD[LPXP OLNHOLKRRG ILW ,Q WKHVXEVHTXHQWDQDO\VLV 7KLVZHLJKWFRUUHVSRQGV WR WKH
LQYHUVHHIILFLHQF\RI DQHYHQWWRSDVVDOOWKHGHVFULEHGVWDJHV
$QRWKHUSRVVLELOLW\ZRXOGEHWRLQFRUSRUDWHWKHDFFHSWDQFHIXQFWLRQLQWKH3') ZKLFKLV
WKHQILWWHGWRGDWD +RZHYHU WKHDFFHSWDQFHFRUUHFWLRQKDVWREHGRQHLQELQVZKLFKDUH
PRUHQDUURZLQ q2 WKDQWKRVHZKLFKDUHXVHGIRUWKHDQDO\VLVVHHODWHU 7KHUHIRUH WKLV
SRVVLELOLW\LVQRWXVHG
7KHPRVWJHQHUDODSSURDFKWRWKHDFFHSWDQFHFRUUHFWLRQZRXOGEHWRELQLQDOOWKUHHDQJXODU
YDULDEOHV FRV θl, FRV θK ,φ DQG q2 DQGWKHQGHULYHWKHFRUUHFWLRQIRUHYHU\IRXUGLPHQVLRQDO
ELQLQGLYLGXDOO\ +RZHYHU WKLVZRXOGUHTXLUHODUJHDPRXQWVRI VLPXODWHGGDWD $ GLIIHU
HQWDSSURDFKZDVWKHUHIRUHFKRVHQ )RUDJLYHQELQLQ q2 WKHHIILFLHQF\FDQEHIDFWRULVHG
IRU WKH WKUHHDQJXODUYDULDEOHV 7KHGLVWULEXWLRQRI WKHVHYDULDEOHV LV WKHQILWWHGZLWKD
7KLVDVVXPSWLRQZRXOGRQO\IDLOLI WKHUHZDVDODUJHGLIIHUHQFHLQHIILFLHQF\IRU µ+ DQG µ− LQWKHIXOO
VDPSOHDQGDODUJH CP DV\PPHWU\EHWZHHQ B0 DQG B0
7KHZHLJKWLVQRUPDOLVHGVXFKWKDWLWVPHDQLVRQH
  
WK RUGHUSRO\QRPLDO ,WZDVFKHFNHGWKDWWKLVIDFWRULVHGDSSURDFKUHSURGXFHVWKHGLVWUL
EXWLRQRI SKDVHVSDFHHYHQWVDIWHUWKHWULJJHU WKHUHFRQVWUXFWLRQDQGWKHVHOHFWLRQZHUH
DSSOLHG )XUWKHUPRUHWKHHYHQWVZHUHZHLJKWHGZLWKWKHLULQYHUVHHIILFLHQF\DQGFRPSDUHG
WRWKHGLVWULEXWLRQRI WKHSKDVHVSDFHJHQHUDWHGHYHQWVZLWKRXWDSSO\LQJWKHWULJJHU WKH
UHFRQVWUXFWLRQRUWKHVHOHFWLRQ %RWKGLVWULEXWLRQVDJUHHZLWKHDFKRWKHU
  
=b  .0'/. *! /# !$-./ )"0'-
)'4.$. *! B0→ K∗0µ+µ−
:KDWLVUHIHUUHGWRDVWKH©ILUVWªDQJXODUDQDO\VLVFRPSULVHVWKHPHDVXUHPHQWRI WKHYDUL
DEOHV AFB, FL, A(2)T , AReT , S3, S9 DQG A9 ZLWK≈  IE−1 RI FROOLVLRQGDWDFROOHFWHGLQ
7KHDQDO\VLVLVGHVFULEHGLQGHWDLOLQ5HI >@ 7KHPDLQUHVXOWVDUHVKRZQLQ)LJ  DQG
 1RUHVXOWLVVKRZQIRUWKHYDULDEOH S9 LWH[SHULPHQWDOUHVXOWVDUHFRPSDWLEOHZLWK]HUR
IRUWKHIXOO q2 UDQJHZKLFKFRUUHVSRQGVWRWKH60 SUHGLFWLRQ
$OOREVHUYDEOHVDUHFRPSDWLEOHZLWKWKHLU6WDQGDUG0RGHOSUHGLFWLRQVLQWKHIXOO q2 UDQJH
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)LJXUH  0HDVXUHPHQWRI WKHREVHUYDEOHVA(2)T DDQGAReT EZKLFKKDYHUHGXFHGIRUP
IDFWRUXQFHUWDLQWLHV %RWKREVHUYDEOHVDUHFRPSDWLEOHZLWKWKH6WDQGDUG0RGHO
LQWKHIXOO q2 UDQJH 7KHSURFHGXUHWRH[WUDFWWKHVHREVHUYDEOHVDQGWKHRULJLQ
RI WKH60 SUHGLFWLRQLVJLYHQLQ5HI >@
  
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)LJXUH  0HDVXUHPHQWRI WKHREVHUYDEOHV FL DAFB E S3 FDQGA9 G )RUA9 WKH
60 YDOXHLVYDQLVKLQJO\VPDOO $OOREVHUYDEOHVDUHFRPSDWLEOHZLWKWKH6WDQGDUG
0RGHOLQWKHIXOO q2 UDQJH 7KHSURFHGXUHWRH[WUDFWWKHVHREVHUYDEOHVDQGWKH
RULJLQRI WKH60 SUHGLFWLRQLVJLYHQLQ5HI >@
  
>b  / -($)/$*) *! /# 
5 -*T-*..$)" +*$)/ *! A)%
7KHSUHGLFWLRQIRUWKH]HURFURVVLQJSRLQWRI A)% q2LQ B0→ K∗0µ+µ− LVSDUWLFXODUO\
FOHDQDVWKHIRUPIDFWRUVDQG WKHUHIRUH WKHLUXQFHUWDLQWLHVFDQFHOWRILUVWRUGHU 7KHPHD
VXUHPHQWSUHVHQWHGKHUHLVWKHILUVWRI LWVNLQG WKH]HURFURVVLQJSRLQWZDVQRWPHDVXUHG
SUHYLRXVO\LQ/+&ERULQDQ\RWKHUH[SHULPHQW ,WUHTXLUHVDFHUWDLQDPRXQWRI DFFXPXODWHG
GDWDWRPDNHDPHDVXUHPHQWZLWKDUHDVRQDEOHVWDWLVWLFDOXQFHUWDLQW\ )XUWKHUPRUHVRPH
SUHFDXWLRQVKDYHWREHWDNHQLQRUGHUQRWWRELDVWKHPHDVXUHGYDOXHRI WKH]HURFURVVLQJ
SRLQWZLWKWKHH[SHULPHQWDOPHWKRG
7KLVFKDSWHUJLYHVDQRYHUYLHZRI WKHH[SHULPHQWDOSURFHGXUHWRH[WUDFWWKH]HURFURVVLQJ
SRLQW LQFOXGLQJFURVVFKHFNVIRUWKHSURFHGXUHLWVHOI DQGDQHVWLPDWHRI WKHVWDWLVWLFDODQG
V\VWHPDWLFDOXQFHUWDLQWLHV
>b7b 3/-/$*) *! /# 5 -*T-*..$)" +*$)/ 2$/# 
'$) - !$/
7KHVLPSOHVWPHWKRGWRGHWHUPLQHWKH]HURFURVVLQJSRLQWRI A)% LVWRGRDELQQHG OLQHDU
ILWRIA)% q2LQDUHJLRQDURXQGWKH]HURFURVVLQJ >@ 7KHLGHDLVWRVSOLWWKHQXPEHURI
HYHQWVLQWZRVDPSOHV IRUZDUGHYHQWVZLWK FRV θ% > 0 DQGEDFNZDUGHYHQWVZLWK FRV θ% <
0 DQGFRXQWWKHQXPEHURI VLJQDOHYHQWV 7KHIRUZDUGEDFNZDUGDV\PPHWU\A)% FDQWKHQ
EHIRUPHGDV
A)% =
IRUZDUGVLJQDOHYHQWV− EDFNZDUGVLJQDOHYHQWV
IRUZDUGVLJQDOHYHQWV+ EDFNZDUGVLJQDOHYHQWV

IRUHDFKELQLQ q2
+RZHYHU WKLVPHWKRGKDVVHYHUDOGUDZEDFNV )LUVWRI DOO LWFDQQRWEHDSSOLHG©EOLQGO\ª DV
WKHDSSUR[LPDWHVKDSHRIA)% KDVWREHNQRZQWRGHILQHDILWUHJLRQ 6HFRQG WKHFKRLFHRI
WKHILWUHJLRQFDQVHYHUHO\ELDVWKHUHVXOWIRUWKH]HURFURVVLQJSRLQW $QGODVWO\ LWLPSOLFLWO\
DVVXPHVWKDWWKHVKDSHRI A)% LVVWUDLJKWHQRXJKWREHILWWHGZLWKDVWUDLJKWOLQH 7KLVLV
WKHFDVHIRU A)% LQWKH6WDQGDUG0RGHOEXWQHHGQRWQHFHVVDULO\EHWKHFDVHIRUDOOSK\VLFV
PRGHOV
LH ZLWKRXWORRNLQJDWWKH A)% GLVWULEXWLRQ
  
7RFKHFNELDVHVLQGXFHGE\WKHVHHIIHFWV DVWXG\ZDVGRQHZLWKVLPXODWHGB0→ K∗0µ+µ−
HYHQWVZLWKRXWEDFNJURXQG 7ZRELQQLQJVFKHPHVZHUHFKRVHQ 2QHIURPWR *H9/c4
ZLWKDELQZLGWKRI  *H9/c4 WKHRWKHUIURPWR *H9/c4 ZLWKDELQZLGWKRI 
*H9/c4 7KHQXPEHURI HYHQWVLQHDFKLQGLYLGXDOELQZDVFDOFXODWHGE\DVVXPLQJWKDWLQ
WRWDO B0→ K∗0µ+µ− VLJQDOHYHQWVDUHUHFRQVWUXFWHGLQ IE−1 IRUWKHIXOO q2 UDQJH
7KLVFRUUHVSRQGVDSSUR[LPDWHO\ WR WKHVL]HRI  WKHGDWDVDPSOH ©7R\VDPSOHVª
ZHUHWKHQJHQHUDWHGIRUIRUZDUGDQGEDFNZDUGHYHQWVLQHDFKELQDFFRUGLQJWRD3RLVVRQ
GLVWULEXWLRQZLWKWKHPHDQYDOXHWDNHQIURPWKHVLPXODWHGHYHQWV
7KHIRUZDUGEDFNZDUGDV\PPHWU\ A)% FDOFXODWHGIROORZLQJ(T  ZDVWKHQILWWHGZLWK
DOLQHDUIXQFWLRQ
A)%(q
2) = a0 · (q2 − q20), 
LQ WKHUDQJH [q2ORZ, q2KLJK] ZKHUH q20 LV WKH]HURFURVVLQJSRLQWDQG a0 DVFDOLQJSDUDPHWHU
7RFKHFNIRUSRVVLEOHELDVHV WKHUHVLGXDORI WKH]HURFURVVLQJSRLQWVLQWKHLQGLYLGXDOWR\
VDPSOHVZLWKUHVSHFW WRWKH]HURFURVVLQJSRLQW LQWKHVLPXODWHGGDWDZDVSORWWHG 7KH
UHVXOWVIRUGLIIHUHQW q2ORZ DQG q2KLJK DUHVKRZQLQ)LJ  ,WLVFOHDUO\YLVLEOHWKDWVKLIWLQJWKH
VWDUWDQGHQGSRLQWVE\*H9/c4 LQWURGXFHVDODUJHELDVLQWKHUHVLGXDOGLVWULEXWLRQV ZKLFK
LVQRQQHJOLJLEOHZLWKUHVSHFWWRWKHH[SHFWHGVWDWLVWLFDOXQFHUWDLQW\ )LJXUH  VKRZVWZR
H[DPSOHVRI WR\VDPSOHVZLWKDELQZLGWKRI *H9/c4 DQG*H9/c4 ZKLFKLOOXVWUDWHWKH
GLIILFXOW\WRFKRRVHDVWDUWDQGHQGSRLQWIRUWKHOLQHDUILWZLWK IE−1 RI GDWD 7KHUHIRUH
DQXQFHUWDLQW\RI *H9/c4 LQWKHFKRLFHRI WKHVWDUWRUHQGSRLQW DVLOOXVWUDWHGLQ)LJ 
LVDUHDOLVWLFFDVHZKHQFRQVLGHULQJWKHFROOLVLRQGDWD
$VWKH]HURFURVVLQJSRLQWLVQRWDSDUDPHWHURI WKHA)% GLVWULEXWLRQRI WKH6WDQGDUG0RGHO
LWKDGWREHGHWHUPLQHGIURPWKHVLPXODWHGVDPSOHLWVHOI WRSORWWKHUHVLGXDOV 7KLVZDV
DFFRPSOLVKHGE\XVLQJWKHIXOOVLPXODWHGVDPSOHDQGVSOLWWLQJWKHUDQJHIURP *H9/c4
DQG *H9/c4 LQWRELQV )RUHDFKELQ A)% ZDVFDOFXODWHGDQGWKHGLVWULEXWLRQILWWHG
ZLWKDOLQHDUILWIURP*H9/c4 WR*H9/c4 7KLVLVVKRZQLQ$SSHQGL[ &7KHH[WUDFWHG
]HURFURVVLQJSRLQWLV*H9/c4 ZLWKDQXQFHUWDLQW\RI OHVVWKDQ
,QVRPPD WKHOLQHDUILWPHWKRGFDQQRWEHXVHGWRGHWHUPLQHWKH]HURFURVVLQJSRLQWRIA)%
LQ B0→ K∗0µ+µ− ZLWK IE−1 RI FROOLVLRQGDWDDVLWLQWURGXFHVVLJQLILFDQWELDVHV
>b8b # 0)$))  *0)/$)" / #)$,0 
7RRYHUFRPHWKHOLPLWVRI WKHOLQHDUILW DGLIIHUHQWDSSURDFK FDOOHG©XQELQQHGFRXQWLQJª
ZDVFKRVHQ >@ 7KHLGHDLVWKHIROORZLQJ 7KHHYHQWVLQDJLYHQUDQJHRI q2 DUHVSOLWXS
LQIRUZDUGFRV θ% !DQGEDFNZDUGFRV θ%  7KHIRUZDUGDQGEDFNZDUGGLVWULEXWLRQ
DUHWKHQILWWHGZLWKDKLJKRUGHUSRO\QRPLDOLQDQH[WHQGHGXQELQQHGPD[LPXPOLNHOLKRRG
ILW 7KHIRUZDUGEDFNZDUGDV\PPHWU\FDQWKHQEHFDOFXODWHGDV
7KHSUHIL[©WR\ªUHIHUVWRVLPXODWLRQVRUVLPXODWHGGDWD ZKLFKZDVQRWFUHDWHGXVLQJWKHIXOOVLPXODWLRQRI
/+&EEXWUDWKHUE\JHQHUDWLQJHYHQWVXVLQJ3')VDVLQSXWDQGVDPSOLQJWKHGLVWULEXWLRQVXVLQJUDQGRP
QXPEHUJHQHUDWRUV
  
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)LJXUH  5HVLGXDOVRI ]HURFURVVLQJSRLQWVLQVLPXODWLRQRI PDQ\WR\VDPSOHVZLWKUH
VSHFWWRWKH]HURFURVVLQJSRLQWRI WKHIXOOVLPXODWLRQVDPSOHZKHQFKDQJLQJ
WKHUDQJHRI WKHOLQHDUILW D FDQGHVKRZILWVLQWKHLQWHUYDOV*H9/c4
*H9/c4 DQG*H9/c4 UHVSHFWLYHO\ ZLWKDELQZLGWKRI *H9/c4
E GDQGIVKRZILWVLQWKHLQWHUYDOV*H9/c4 *H9/c4 DQG
*H9/c4 UHVSHFWLYHO\ ZLWKDELQZLGWKRI *H9/c4 $ ELDVRI WKHPHDQRI
WKHGLVWULEXWLRQRI WKHILUVWDQGWKHODVWURZZLWKUHVSHFWWRWKHVHFRQGURZLV
FOHDUO\YLVLEOH
  
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)LJXUH  ([DPSOHVIRU A)% GLVWULEXWLRQVZLWKD*H9/c4 DDQG*H9/c4 ELQQLQJ
EVFKHPH 7KH\LOOXVWUDWHWKHGLIILFXOW\WRFKRRVHDUHDVRQDEOHVWDUWDQGHQG
SRLQWRI WKHOLQHDUILWWRGHWHUPLQHWKH]HURFURVVLQJSRLQWRI A)%
A)%(q
2) =
nF · PDFF (q2)− nB · PDFB(q2)
nF · PDFF (q2) + nB · PDFB(q2) , 
ZKHUH nF , nB DUHWKHQXPEHURI IRUZDUGDQGEDFNZDUGHYHQWV UHVSHFWLYHO\ DQG PDFF 
PDFB WKHSUREDELOLW\GHQVLW\IXQFWLRQVWKDWGHVFULEHWKHIRUZDUGDQGEDFNZDUGGLVWULEX
WLRQ UHVSHFWLYHO\ 7KH]HURFURVVLQJSRLQWFDQHDVLO\EHGHWHUPLQHGE\ILQGLQJWKHURRWRI
A)%(q2) ZLWKQXPHULFDOUHFLSHV
7KHQDPH©XQELQQHGFRXQWLQJªLVVWULFWO\VSHDNLQJDPLVQRPHU DVLWLVQRWGLIIHUHQWIURP
DQH[WHQGHGXQELQQHGPD[LPXPOLNHOLKRRGILW +RZHYHU LWZDVFKRVHQWRFOHDUO\VWDWHWKH
GLIIHUHQFHEHWZHHQWKHDQJXODUPHDVXUHPHQWVDQGWKHGHWHUPLQDWLRQRI WKH]HURFURVVLQJ
SRLQWRI A)%
>b8b7b #*$ *! /# *- - *! /# +*'4)*($'
$VWKHDQDO\WLFDOGHVFULSWLRQRI WKHIRUZDUGDQGEDFNZDUGGLVWULEXWLRQVLQ q2 VWURQJO\GH
SHQGVRQIRUPIDFWRUV QRJHQHULFFKRLFHIRUWKHRUGHURI WKHSRO\QRPLDOH[LVWV +RZHYHU
IRUDJLYHQVDPSOHRI FROOLVLRQGDWD WKHJRRGQHVVRIILWFDQEHWHVWHGIRUGLIIHUHQWRUGHUV
7KLVLVGHVFULEHGLQ5HI >@ )RUDOOVXEVHTXHQWVWXGLHV DWKLUGRUGHUSRO\QRPLDO ZDV
XVHGWRGHVFULEHWKHVLJQDOGLVWULEXWLRQIRUIRUZDUGDQGEDFNZDUGHYHQWV
,QSUDFWLFH RQO\7VFKHE\VFKHII SRO\QRPLDOVZHUHXVHG LQVWHDGRI  OLQHDURQHVZKHUH ODUJHFRUUHODWLRQV
EHWZHHQWKHFRHIILFLHQWVFDQDIIHFWWKHILWTXDOLW\
  
>b8b8b 
) + ) ) *! !$/ -)" 
,WKDGWREHVKRZQWKDWWKHPHDVXUHG]HURFURVVLQJSRLQWGRHVQRWGHSHQGRQWKHUDQJH
EHWZHHQZKLFKWKHIRUZDUGDQGEDFNZDUGGLVWULEXWLRQVDUHILWWHG $WPD[LPXP WKHILW
UDQJHH[WHQGVIURP*H9/c4 WR*H9/c4 WRQRWEHDIIHFWHGE\WKHSKRWRQSROH DW
*H9/c4 DQGWKHUDGLDWLYHWDLORI WKH J/ψ ZKHQDSSURDFKLQJWKHUHJLRQRI WKHFKDUPR
QLXPUHVRQDQFHV )LJXUH  VKRZV IRXUGLIIHUHQW UDQJHVDQG WKH UHVLGXDOGLVWULEXWLRQV
RI WKH]HURFURVVLQJSRLQWVRI PDQ\WR\VDPSOHVZLWKUHVSHFWWRWKH]HURFURVVLQJSRLQW
GHWHUPLQHGIURPWKHIXOOVLPXODWHGVDPSOH 1RRURQO\DVPDOOELDVFDQEHVHHQLQWKHVH
GLVWULEXWLRQVGXHWRWKHGLIIHUHQWILWUDQJHV
>b9b #*$ )  / -($)/$*) *! +-*$'$/4
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7RGHWHUPLQHWKH]HURFURVVLQJSRLQW DILWWRWKHIRUZDUGDQGEDFNZDUGGLVWULEXWLRQVLQ
q2 LVSHUIRUPHG +RZHYHU LQSUHVHQFHRI EDFNJURXQG WKH q2 GLVWULEXWLRQZLOOFRQWDLQ
DPL[WXUHRI VLJQDODQGEDFNJURXQGHYHQWV 7RGLVHQWDQJOHWKHVHWZRFDWHJRULHV DWZR
GLPHQVLRQDOILWLVLPSOHPHQWHG RQHGLPHQVLRQEHLQJ q2 DQGWKHRWKHUGLPHQVLRQEHLQJ
WKHLQYDULDQWPDVV 8VLQJDFRPELQHG3') ZLWKVLJQDODQGEDFNJURXQGFRPSRQHQWV WKH
WZRFRQWULEXWLRQVFDQEHVWDWLVWLFDOO\VHSDUDWHG
7KHPDVVFRPSRQHQWRI WKHVLJQDOLVH[WUDFWHGE\ILWWLQJWKHLQYDULDQWPDVVGLVWULEXWLRQRI
B0→ J/ψK∗0 EHWZHHQ0H9/c2 DQG0H9/c2 ZLWKWZR&U\VWDO%DOOIXQFWLRQV
ERWKKDYLQJWKHUDGLDWLYHWDLORQWKHOHIWVLGH )RUWKLVILW WKHQRPLQDO B0 PDVVDQGWKH
VKDSHSDUDPHWHUV α DQG n DUHVKDUHGEHWZHHQWKHWZR&U\VWDO%DOOIXQFWLRQV α GHQRWHV
WKHGHFD\FRQVWDQWRI WKHH[SRQHQWLDOIDOORII DQG n WKHWXUQLQJSRLQWEHWZHHQWKH*DXVVLDQ
FRPSRQHQWDQGWKHH[SRQHQWLDOFRPSRQHQW 7KHZLGWKVRI ERWK&U\VWDO%DOOGLVWULEXWLRQV
DUHDOORZHGWRIORDWLQGHSHQGHQWO\LQWKLVILW $GGLWLRQDOO\ DGRXEOH&U\VWDO%DOOIXQFWLRQ
LVXVHG WRSDUDPHWULVH WKH FRQWULEXWLRQ IURP WKHGHFD\ B0s → J/ψK∗0 ZLWK WKH VDPH
FRQVWUDLQWVDVWKHILUVWGRXEOH&U\VWDO%DOOIXQFWLRQ )XUWKHUPRUHWKH\LHOGRI WKHVHFRQG
GRXEOH&U\VWDO%DOOIXQFWLRQZDVIL[HGZLWKUHVSHFWWRWKHILUVWRQHDQGWKHVKLIWRI WKH
QRPLQDO B0s PDVVYDOXHZLWKUHVSHFWWRWKH B0 PDVVYDOXHZDVVHWFRQVWDQWDVZHOO
)RUWKHILWWRWKH B0 → K∗0µ+µ− LQYDULDQWPDVVGLVWULEXWLRQ RQO\WKH3') IRU B0 →
J/ψK∗0 ZDVXVHGDQGDOOSDUDPHWHUVZHUHIL[HGWRWKHYDOXHVREWDLQHGLQWKHILWWR B0→
J/ψK∗0 7KHRQO\IORDWLQJSDUDPHWHUZDVWKHQXPEHURI HYHQWV 7KHPDVVFRPSRQHQW
RI WKHEDFNJURXQGIRU B0 → K∗0µ+µ− ZDVILWWHGZLWKDQH[SRQHQWLDOIXQFWLRQ ZKHUH
WKHGHFD\FRQVWDQWZDVDOORZHGWRIORDW )RUWKH q2 FRPSRQHQWRI WKHVLJQDO DWKLUGRUGHU
SRO\QRPLDOZDVXVHGFI 6HFW ZKLOHIRUWKHEDFNJURXQGDVHFRQGRUGHUSRO\QRPLDO
ZDVXVHG
)RU q2 → 0 WKHEUDQFKLQJIUDFWLRQVWURQJO\LQFUHDVHVZKLFKSUHYHQWVILWWLQJDWKLUGRUGHUSRO\QRPLDO
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)LJXUH  5HVLGXDOVRI ]HURFURVVLQJSRLQWVLQVLPXODWLRQRI PDQ\WR\VDPSOHVZLWKUH
VSHFWWRWKH]HURFURVVLQJSRLQWRI WKHIXOOVLPXODWLRQVDPSOHZKHQFKDQJLQJ
WKHUDQJHRI WKHXQELQQHGFRXQWLQJ )LJXUHVD E FDQGGVKRZUDQJHV
EHWZHHQ*H9/c4 *H9/c4 *H9/c4 DQG*H9/c4
UHVSHFWLYHO\ 1RRURQO\DVPDOOELDVFDQEHVHHQEHWZHHQWKHILJXUHV ZKLFKLV
QHJOLJLEOHZLWKUHVSHFWWRWKHVWDWLVWLFDOXQFHUWDLQW\
  
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)LJXUH  )LW WR WKH Kpiµµ LQYDULDQWPDVVGLVWULEXWLRQ VROLGEOXHZLWKFRQWULEXWLRQV
IURP B0→ J/ψK∗0 GDVKHGPDJHQWD B0s → J/ψK∗0 GDVKHGGRWWHGUHG
DQGFRPELQDWRULDOEDFNJURXQGGRWWHGJUHHQ
>b:b # &. *) .$(0'/  /
>b:b7b $(0'/  / !/ - - *)./-0/$*)N .$")' *)'4
7KHEHKDYLRXURI WKHXQELQQHGFRXQWLQJPHWKRGZDVFKHFNHGRQVLPXODWHGGDWDFRUUH
VSRQGLQJWRWKH6WDQGDUG0RGHOGLVWULEXWLRQLPSOHPHQWHGLQWKH/+&EVLPXODWLRQSUR
JUDP ,QDGGLWLRQ DGLIIHUHQWVHWRI VLPXODWHGGDWD QRWFRUUHVSRQGLQJWRWKH6WDQGDUG
0RGHOZDVXVHGFDOOHG%60PRGHO 7KLVPRGHOKDVD]HURFURVVLQJSRLQWDW*H9/c4
7RFKHFNWKHEHKDYLRXU WKHPDVVGLVWULEXWLRQRI WKHIXOOVLPXODWHGVDPSOHZDVILWWHGEH
WZHHQ0H9/c2 DQG0H9/c2 ZLWKWKHPDVVPRGHOGHVFULEHGLQ6HFW  7KH q2
GLVWULEXWLRQZDVILWWHGZLWKDIRXUWKRUGHUSRO\QRPLDO 7KLVWZRGLPHQVLRQDO3') ZDV
WKHQXVHGWRJHQHUDWHWR\VDPSOHVZKHUHWKHWRWDODPRXQWRI IRUZDUGDQGEDFNZDUGHYHQWV
ZDVIOXFWXDWHGE\3RLVVRQGLVWULEXWLRQV 7KHPHDQIRUWKHEDFNZDUGGLVWULEXWLRQZDVVHW
WRWKHQXPEHURI EDFNZDUGHYHQWVIRXQGLQWKHFROOLVLRQGDWDVDPSOH WKHPHDQIRUWKH
IRUZDUGGLVWULEXWLRQZDVVHWWRWKHQXPEHURI EDFNZDUGHYHQWVIRXQGLQWKHFROOLVLRQGDWD
VDPSOHWLPHVWKHIUDFWLRQRI IRUZDUGWREDFNZDUGHYHQWVLQWKHVLPXODWHGVDPSOH 7KH
PHDQZDVQRWVHWWRWKHQXPEHURI HYHQWVLQWKHIRUZDUGGLVWULEXWLRQLQRUGHUQRWWRDFFL
GHQWDOO\©XQEOLQGªWKHUHVXOWRI WKH]HURFURVVLQJSRLQWLQWKHVHFURVVFKHFNV (DFKRI WKH
WR\VDPSOHVZDVILWWHGZLWKWKHVDPH3') DVZDVXVHGIRUWKHLUJHQHUDWLRQH[FHSWWKDWRQO\
DWKLUGRUGHUSRO\QRPLDOZDVXVHGWRILWWKH q2 GLVWULEXWLRQ A)% ZDVWKHQFDOFXODWHGXVLQJ
7KHUDQJHLQWKHVHVWXGLHVLV0H9/c2 KLJKHUWKDQLQWKHILWWRB0→ J/ψK∗0 WRH[WUDFWWKHVLJQDOVKDSH
DQGWKHILQDOILWIRUWKH]HURFURVVLQJSRLQW 7KHUHDVRQLVWKDWWKHPDVVZLQGRZFKDQJHGRYHUWKHFRXUVH
RI WKHVWXG\DQGWKHVLPXODWLRQVWXGLHVZHUHDOUHDG\ILQLVKHGZKHQWKHFKDQJHRFFXUUHG
:KLOHIRUDOOVPDOOHUVDPSOHV FRUUHVSRQGLQJWRWKH IE−1 RI FROOLVLRQGDWDLQ DWKLUGRUGHUSRO\QR
PLDOZDVVXIILFLHQW DIRXUWKRUGHUSRO\QRPLDOZDVFKRVHQIRUWKHODUJHDPRXQWRI VLPXODWHGGDWDWRWDNH
VPDOOYDULDWLRQVLQ q2 LQWRDFFRXQWDVZHOO
  
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)LJXUH  'LVWULEXWLRQRI A)% YDOXHVREWDLQHGDIWHUWKHUHFRQVWUXFWLRQXVLQJVLJQDORQO\
IRU WKH6WDQGDUG0RGHO D DQG WKH%60 PRGHO E ,QEOXH DUH WKHPHDQ
YDOXHVRI A)% RI DOOWR\H[SHULPHQWVZLWKWKHσ HUURUEDQG ,QUHGDUHWKH
YDOXHVDVH[WUDFWHG IURPWKHVLPXODWHGVDPSOHZLWKRXW UHFRQVWUXFWLRQ 7KH
]HURFURVVLQJSRLQWLQWKH6WDQGDUG0RGHOVDPSOHLV*H9/c4 ZKLOHLWLV
*H9/c4 LQWKH%60 PRGHOVDPSOH
(T  IRUHDFKVDPSOH 1RDFFHSWDQFHFRUUHFWLRQZDVDSSOLHGWRDQ\RI WKHVHVDPSOHV
QHLWKHUIRUJHQHUDWLQJWKHWR\VDPSOHVQRUIRUILWWLQJWKHP
,Q)LJ  WKHGLVWULEXWLRQRI A)% YDOXHVIRUWKH6WDQGDUG0RGHODQGWKH%60 PRGHOZLWK
WKHLUFRUUHVSRQGLQJσ HUURUEDQGFDQEHVHHQ 7KHPHDQRI DOOA)% YDOXHVDQGWKHELQQHG
YDOXHV H[WUDFWHGIURPWKHVLPXODWHGVDPSOHVZLWKRXWDSSO\LQJWKHUHFRQVWUXFWLRQ VKRZD
YHU\JRRGDJUHHPHQW 7KHGLIIHUHQFHVDUHPXFKVPDOOHUWKDQWKHVWDWLVWLFDOXQFHUWDLQW\
>b:b8b $(0'/  / !/ - - *)./-0/$*)N .$")' )
&"-*0)
7KHVDPHSURFHGXUHDVH[SODLQHG LQ WKHSUHYLRXV VHFWLRQZDVDOVRSHUIRUPHGDIWHU WKH
DGGLWLRQRI EDFNJURXQGHYHQWV 7KH VKDSHRI  WKHEDFNJURXQG LQ WKHPDVV DQG WKH q2
GLVWULEXWLRQVZDVGHULYHGIURPDILWWRERWKWKHORZHUDQGWKHXSSHUVLGHEDQGLQFROOLVLRQ
GDWD 7KH3')VH[SODLQHGLQ6HFW  ZHUHXVHG 7KHQ DVIRUWKHVLJQDORQO\FDVH WR\
VDPSOHVZHUHJHQHUDWHGZLWK3RLVVRQGLVWULEXWLRQVIRUWKHQXPEHURI IRUZDUGDQGEDFNZDUG
HYHQWV ZKHUHWKHPHDQRI WKHVH3RLVVRQGLVWULEXWLRQVZDVIL[HGWRWKHQXPEHURI HYHQWV
LQWKHVLGHEDQGV 7KHVHEDFNJURXQGWR\VDPSOHVZHUHWKHQPL[HGZLWKWKHRQHVIRUVLJQDO
)RU WKH ILW WR WKH IXOOGLVWULEXWLRQV FRQWDLQLQJVLJQDO DQGEDFNJURXQG WKHGLVWULEXWLRQV
H[SODLQHGLQ6HFW  ZHUHDJDLQXVHG 7KHUHVXOWRI WKHILWLVVKRZQLQ)LJ  7KHUHLVD
JRRGDJUHHPHQWEHWZHHQWKHPHDQRI A)% DVGHULYHGIURPWKHLQGLYLGXDOWR\VDPSOHVDQG
WKHYDOXHRI WKHIXOOVLPXODWHGVDPSOHZLWKRXWUHFRQVWUXFWLRQ
  
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)LJXUH  'LVWULEXWLRQRI A)% YDOXHVREWDLQHGDIWHUWKHUHFRQVWUXFWLRQXVLQJVLJQDODQG
EDFNJURXQGIRUWKH6WDQGDUG0RGHODDQGWKH%60 PRGHOE ,QEOXHDUH
WKHPHDQYDOXHVRI A)% RI DOOWR\H[SHULPHQWVZLWKWKHσ HUURUEDQG ,QUHG
DUHWKHYDOXHVDVH[WUDFWHGIURPWKHVLPXODWHGVDPSOHZLWKRXWUHFRQVWUXFWLRQ
7KH]HURFURVVLQJSRLQWLQWKH6WDQGDUG0RGHOVDPSOHLV*H9/c4 ZKLOHLW
LV*H9/c4 LQWKH%60 PRGHOVDPSOH
>b:b9b  / -($)/$*) *! /# 5 -* -*..$)" +*$)/
)LQGLQJWKH]HURFURVVLQJSRLQW LQDJLYHQVDPSOH LVHTXLYDOHQWWRILQGLQJWKHURRWRI D
FXUYH ,WLVSHUIRUPHGLQWKHIROORZLQJZD\ WKHUDQJHEHWZHHQDVWDUWDQGDQHQGSRLQWLQ
q2 LVGLYLGHGLQWRVHJPHQWVDQGLQHDFKVHJPHQWWKHYDOXHRI A)% LVFRPSXWHG 7KH
VHDUFKUDQJHIRUDOO WKH]HURFURVVLQJSRLQWVGLVFXVVHGLQWKLVDQDO\VLVZDV*H9/c4²
*H9/c4 7KHUHJLRQVYHU\FORVHWRWKHERXQGDULHVRI WKHILWZHUHRPLWWHGDVWKHFXUYH
IRU A)% KDVODUJHXQFHUWDLQWLHVLQWKHVHUHJLRQV WKHSRO\QRPLDOVDUHOHVVFRQVWUDLQHGGXH
WRWKHLUSUR[LPLW\WRWKHVWDUWDQGHQGSRLQW ,I WKHDEVROXWHYDOXHRI A)% LVVPDOOHUWKDQ
DJLYHQWROHUDQFHDQGWKHFXUYHKDVDSRVLWLYHVORSHLQWKLVVHJPHQW WKLVSRLQWLVGHQRWHG
D]HURFURVVLQJSRLQWDQGLVNHSW ,I WKHUHLVPRUHWKDQRQHSRLQWIXOILOOLQJWKLVFULWHULRQ
WKHRQHFORVHVWWRDUHIHUHQFHYDOXHLVNHSW 7KHUHIHUHQFHYDOXHLVFKRVHQKLJKHUWKDQWKH
QRPLQDOYDOXHLQERWKVLPXODWHGVDPSOHV VRWKDWLQSUDFWLFHWKH]HURFURVVLQJSRLQWZLWK
DKLJKHU q2 YDOXHLVNHSW ,QWKHFROOLVLRQGDWDVDPSOHWKHVLWXDWLRQRI WZR]HURFURVVLQJ
SRLQWVGLGQRWRFFXU
,QDERXWRI WKHFDVHVD]HURFURVVLQJSRLQWZLWKDSRVLWLYHVORSHFDQEHGHWHUPLQHG
RQ6WDQGDUG0RGHOVDPSOHVRI VLPXODWHGHYHQWVDIWHUUHFRQVWUXFWLRQDQGZLWKDGGHGEDFN
JURXQG $ERXWRI WKHHYHQWVKDYHWZR]HURFURVVLQJSRLQWVZLWKDSRVLWLYHVORSH ,I DOO
7KHGHVFULEHGPHWKRG LV UDWKHUVORZFRPSDUHG WRQXPHULFDOO\PRUHHOHJDQWRQHV +RZHYHU LW LVYHU\
UREXVWDQGWKHWLPHVSHQWIRUGHWHUPLQLQJWKH]HURFURVVLQJSRLQWFRPSDUHGWRWKHH[HFXWLRQWLPHRI WKH
IXOODOJRULWKPLVVPDOO
  
]HURFURVVLQJSRLQWVDUHFRQVLGHUHGLUUHVSHFWLYHLI WKH\KDYHDSRVLWLYHRUQHJDWLYHVORSH
DERXWRI WKHHYHQWVKDYHH[DFWO\RQH]HURFURVVLQJSRLQW )XUWKHUPRUH VLWXDWLRQV
ZLWKQR]HURFURVVLQJSRLQWVH[LVWDVZHOO ([DPSOHVRI WKHGLIIHUHQWFDVHVDUHJLYHQLQ
)LJ 
7RFKHFNWKDWWKHTXDOLW\RI WKHILWLVWKHVDPHIRUHYHQWVZLWKRQHRUPXOWLSOH]HURFURVVLQJ
SRLQWVDQGHYHQWVZLWKQR]HURFURVVLQJSRLQW WKH χ2 YDOXHRI WKHILWVZDVGHWHUPLQHG
ZKHQWKH q2 UDQJHZDVVSOLWLQHLJKWELQV 7KHUHVXOWVDUHGLVSOD\HGLQ7DEOH  DQGDUHLQ
YHU\JRRGDJUHHPHQWZLWKHDFKRWKHU 1RWHWKDWD χ2WHVWLVQRWDQLGHDOPHWKRGWRFKHFN
WKHDEVROXWHJRRGQHVVRIILWLQWKHVHVLWXDWLRQV +RZHYHU DVRQO\WKHYDOXHVIRUWKHWZR
FDVHVDUHFRPSDUHGZLWKUHVSHFWWRHDFKRWKHUDQGWKHDEVROXWHYDOXHVDUHQRWFRQVLGHUHG
WKLVIDFWKDVQRHIIHFW
7DEOH  χ2 YDOXHVIRUILWVWRWKHIRUZDUGDQGEDFNZDUGGLVWULEXWLRQV IRUWKHFDVHZKHUH
RQHRUPRUH]HURFURVVLQJSRLQWLVIRXQGDQGIRUWKHFDVHZLWKQR]HURFURVVLQJ
SRLQW 7KHGHJUHHVRI IUHHGRPDUHWKHVDPHIRUDOOQXPEHUV 1RGLVFUHSDQF\
LQWKHILWTXDOLW\FDQEHREVHUYHG
(YHQWW\SH χ2 YDOXH IRUZDUGHYHQWV χ2 YDOXH EDFNZDUGHYHQWV
RQHRUPRUH]HURFURVVLQJSRLQW  
QR]HURFURVVLQJSRLQW  
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7KH]HURFURVVLQJSRLQW LQFROOLVLRQGDWDZDVGHWHUPLQHGXVLQJWKHWHFKQLTXHGHVFULEHG
LQ WKHSUHFHGLQJVHFWLRQ $GGLWLRQDOO\ WKH ILW LVSHUIRUPHGXVLQJ WKHZHLJKWV IURPWKH
DFFHSWDQFHFRUUHFWLRQDQGWKHWUHDWPHQWRI PXOWLSOHFDQGLGDWHV 7KHGLVWULEXWLRQVRI GDWD
SRLQWVDQGWKHILWWHG3')VDUHVKRZQLQ)LJ  7KH A)% FXUYH GHWHUPLQHGZLWKWKH
XQELQQHGFRXQWLQJWHFKQLTXH LQWKHUDQJH*H9/c4 DQG*H9/c4 LVVKRZQLQ)LJ 
$GGLWLRQDOO\WKHUHVXOWRI DVLPSOHFRXQWLQJH[SHULPHQWIRU©IRUZDUGªDQG©EDFNZDUGªLV
DOVRVKRZQ )URPWKLV A)% GLVWULEXWLRQ WKH]HURFURVVLQJSRLQWLVGHWHUPLQHGWREH
q20 = (4.9± 0.9)*H9/c4 
6HH6HFW  IRUPRUHGHWDLOVRQWKLVLVVXH
  
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)LJXUH  'LIIHUHQWSRVVLEOHVLWXDWLRQVIRU]HURFURVVLQJSRLQWVLQA)% LQVLPXODWLRQ 7KH
EOXHOLQHLVA)% DVGHWHUPLQHGZLWKWKHXQELQQHGFRXQWLQJWHFKQLTXH WKHEODFN
SRLQWVDUHWKHELQQHG A)% RI WKHVLJQDORQO\ :LWKWKHGHILQLWLRQXVHGIRUWKH
DQDO\VLVRQFROOLVLRQGDWD FDVHVDWRFZRXOGEHFRQVLGHUHGKDYLQJDYDOLG
]HURFURVVLQJSRLQW ,QFDVHEWKHVHFRQG]HURFURVVLQJSRLQWZRXOGEHWDNHQ
SRVLWLYHVORSHDQGLQFDVHFWKHWKLUGRQHZRXOGEHWDNHQSRVLWLYHVORSHZLWK
WKHODUJHVWYDOXH
  
7KHVWDWLVWLFDOXQFHUWDLQW\LVGHWHUPLQHGZLWKD©ERRWVWUDSSLQJªWHFKQLTXH ZKLFKLVGH
VFULEHGLQWKHQH[WVHFWLRQ 7KHV\VWHPDWLFXQFHUWDLQW\LVQHJOLJLEOHDQGZLOOEHGLVFXVVHG
LQ6HFW 
7KLVUHVXOWFDQEHFRPSDUHGZLWKWKHRUHWLFDOSUHGLFWLRQVIRUWKH]HURFURVVLQJSRLQWZKLFK
KDYHDFHQWUDOYDOXH LQ WKHUDQJHRI  *H9/c4 >@ >@ >@ 7KHUHIRUH WKH
H[SHULPHQWDOUHVXOWLVLQDJUHHPHQWZLWKWKHWKHRUHWLFDOO\SUHGLFWHGYDOXHV )XUWKHUPRUH
WKHH[LVWHQFHRI D]HURFURVVLQJSRLQWUXOHVRXWPRGHOVZKLFKSUHGLFWHGDVLJQIOLSLQWKH
VHYHQWK:LOVRQFRHIILFLHQW C7 = −CSM7  VHH6HFW 
>b;b8b **/./-++$)"
7KHVWDWLVWLFDOXQFHUWDLQW\ZDVHVWLPDWHGXVLQJD©ERRWVWUDSSLQJªWHFKQLTXH >@ 7KHLGHD
LVWKHIROORZLQJ *LYHQDGDWDVHW Ω ZLWK N HYHQWV RQHFDQFRQVWUXFWVHWV Ω1, ...,Ωm
ZLWK N1, ..., Nm HYHQWV UHVSHFWLYHO\ 7KHHYHQWVLQ Ωi DUHGUDZQUDQGRPO\IURP Ω ZKHUH
HDFKHYHQWFDQEHGUDZQPXOWLSOHWLPHV N1, ..., Nm DUHGLVWULEXWHGDFFRUGLQJWRD3RLVVRQ
GLVWULEXWLRQZLWKPHDQYDOXH N 
)RUWKHHVWLPDWLRQRI WKHXQFHUWDLQW\RI WKH]HURFURVVLQJSRLQW WKHVDPSOHIRUIRUZDUG
DQGEDFNZDUGHYHQWVLVXVHGWRFRQVWUXFWVHWV ΩF,1, ...,ΩF,m DQG ΩB,1, ...,ΩB,m ZKHUH
ΩF,i DQG ΩB,i VWDQGIRUIRUZDUGDQGEDFNZDUGVDPSOH UHVSHFWLYHO\ (DFKVDPSOHLVILW
WHGZLWKWKH3') WRGHWHUPLQHWKHIRUZDUGDQGEDFNZDUGGLVWULEXWLRQ )RUHYHU\SDLURI
IRUZDUGDQGEDFNZDUGVDPSOHV WKH]HURFURVVLQJSRLQWLVGHWHUPLQHG 7KLVUHVXOWVLQD
GLVWULEXWLRQRI ]HURFURVVLQJSRLQWVDVDIXQFWLRQRI q2 ZKLFKLVVKRZQLQ)LJ 
7RGHWHUPLQHWKHFRQILGHQFHOHYHO WKHUDQJHEHWZHHQ*H9/c4 DQG*H9/c4 ZDV
GLYLGHGLQELQV 7KHELQZLWKWKHODUJHVWQXPEHURI HQWULHVZDVVHOHFWHG DQGLWVFRQ
WULEXWLRQWRWKHWRWDO LQWHJUDOFRYHUHGE\DOOELQVZDVFDOFXODWHG 7KHQWKHELQZLWKWKH
VHFRQGODUJHVWQXPEHURI HQWULHVZDVDGGHGDQGWKHFRPELQHGFRQWULEXWLRQWRWKHWRWDO
LQWHJUDOZDVFDOFXODWHG 7KLVSURFHGXUHZDVUHSHDWHGXQWLOWKHFRYHUHGLQWHJUDOZDVODUJHU
WKDQRI WKHWRWDOLQWHJUDO 1RWHWKDWWKLVGRHVQRWQHFHVVDULO\ OHDGWRDFRQILGHQFH
LQWHUYDOZKLFKLVFRQQHFWHG IRUFHUWDLQGLVWULEXWLRQV WKHWRWDOLQWHUYDOLVVSOLWXSLQVHYHUDO
GLVMRLQWUHJLRQV +RZHYHU IRUWKHGLVWULEXWLRQRQFROOLVLRQGDWDWKLVZDVQRWWKHFDVH 7KH
FRQILGHQFHLQWHUYDOIRUWKH]HURFURVVLQJSRLQW H[WUDFWHGZLWKERRWVWUDSSLQJ UDQJHVIURP
*H9/c4 WR*H9/c4
>b;b9b $/T)T*4 / #)$,0 
7RFURVVFKHFNWKHHVWLPDWLRQRI WKHXQFHUWDLQW\REWDLQHGZLWKERRWVWUDSSLQJ DVOLJKWO\
GLIIHUHQWDSSURDFKZDVSHUIRUPHGDVZHOO 7KH3')VIRUWKHIRUZDUGDQGEDFNZDUGGLVWUL
EXWLRQVZHUHXVHGDVDQLQSXWWRDWR\VLPXODWLRQ ,QWKLVVLPXODWLRQ PDQ\GDWDVHWVZHUH
FUHDWHG ZKHUHWKHHYHQWVZHUHGLVWULEXWHGIROORZLQJWKHLQSXW3')VDQGWKHQXPEHURI
HYHQWVLQWKHGDWDVHWVZHUHIOXFWXDWHGIROORZLQJD3RLVVRQGLVWULEXWLRQDURXQGWKHYDOXH
PHDVXUHGLQFROOLVLRQGDWD )RUDOOWKHVHVDPSOHVWKH]HURFURVVLQJSRLQWZDVGHWHUPLQHG
DQGWKHFRQILGHQFHLQWHUYDOHYDOXDWHGLQWKHVDPHZDVDVIRUWKHERRWVWUDSSLQJ 7KH
  
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)LJXUH  'LVWULEXWLRQVRI Kpiµµ FDQGLGDWHVPDVVHVIRUWKHIRUZDUGDDQGEDFNZDUG
EVDPSOHV 'LVWULEXWLRQRI GLPXRQLQYDULDQWPDVVHVVTXDUHG q2 IRUIRUZDUG
FDQGEDFNZDUGGVDPSOHVLQFROOLVLRQGDWD 7KHGDVKHGUHGOLQHVKRZVWKH
VLJQDOFRPSRQHQWDQGWKHGDVKHGJUHHQOLQHWKHEDFNJURXQGFRPSRQHQW 7KH
EOXHOLQHLVWKHVXPRI ERWKFRPSRQHQWV 7KHILJXUHVIRU q2 LQWHJUDWHRQO\RYHU
WKHVLJQDOUHJLRQRI WKHFDQGLGDWHPDVVHVDQGQRWRYHUWKHIXOOFDQGLGDWHPDVV
UHJLRQ
  
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)LJXUH  'LVWULEXWLRQRIAFB EOXHOLQHIURP*H9/c4 WR*H9/c4 7KHEODFNGDWD
SRLQWVVKRZWKHUHVXOWRI DFRXQWLQJH[SHULPHQWLQELQVRI *H9/c4 7KH
]HURFURVVLQJSRLQWGHWHUPLQHGIURPWKLVGLVWULEXWLRQLV*H9/c4
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)LJXUH  DVKRZVWKHGLVWULEXWLRQRI ]HURFURVVLQJSRLQWVDVGHWHUPLQHGZLWKDERRW
VWUDSSLQJWHFKQLTXH 7KHFRQILGHQFHUHJLRQLVVKRZQLQUHG WKHLQWHU
YDOH[SDQGVIURP*H9/c4 WR*H9/c4 EVKRZVWKHGLVWULEXWLRQRI
]HURFURVVLQJSRLQWVDVGHWHUPLQHGZLWKWKHILWDQGWR\WHFKQLTXH 7KH
FRQILGHQFHUHJLRQLVVKRZQLQUHG WKHLQWHUYDOH[SDQGVIURP*H9/c4 WR
*H9/c4
  
UHVXOWLQJLQWHUYDOUDQJHVIURP*H9/c4 WR*H9/c4 DQGLVDELWPRUHQDUURZWKDQ
WKHRQHREWDLQHGZLWKWKHERRWVWUDSSLQJEXWVWLOOLQJRRGDJUHHPHQW 7KHGLIIHUHQFHPD\
EHDFRQVHTXHQFHRI UDQGRPLVLQJWKHZHLJKWVLQWKHERRWVWUDSSLQJZKLFKLVQRWWKHFDVH
IRUWKLVWHFKQLTXH 7KHSORWFDQEHVHHQLQ)LJ 
>b<b 4./ (/$ 0) -/$)/$ .
7KHIROORZLQJVRXUFHVRI V\VWHPDWLFXQFHUWDLQWLHVZHUHFRQVLGHUHG
 8QFHUWDLQW\LQWKH,3 VPHDULQJ 7KHILWLVUHGRQHZLWKWKH,3 VPHDULQJVZLWFKHGRII
 8QFHUWDLQW\LQWKHELQQLQJRI WKH3,' YDULDEOHV 7RDFFRXQWIRU WKLVXQFHUWDLQW\
RI WKHHYHQWVLQWKHORZHVWRI DFHUWDLQELQZHUHPLJUDWHGWRWKHORZHUELQ
DQGRI WKHHYHQWVLQWKHKLJKHVWRI WKHELQZHUHPLJUDWHGWRWKHKLJKHUELQ
 8QFHUWDLQW\ RQ WKH WUDFNLQJ HIILFLHQF\ 3RVVLEOH V\VWHPDWLF HIIHFWV DUH WDNHQ LQWR
DFFRXQWE\DVVLJQLQJWKHWUDFNVZLWKDPRPHQWXPORZHUKLJKHUWKDQ*H9/c DQ
HIILFLHQF\ZKLFK LV ORZHU KLJKHUE\RQHVWDQGDUGGHYLDWLRQDQGE\DVVLJQLQJWKH
WUDFNVZLWKDPRPHQWXPKLJKHUWKDQ*H9/c DQHIILFLHQF\ZKLFKLVKLJKHUORZHU
E\RQHVWDQGDUGGHYLDWLRQ
 8QFHUWDLQW\LQWKHWULJJHUHIILFLHQF\ 6\VWHPDWLFHIIHFWVZHUHDFFRXQWHGIRUE\LQ
FUHDVLQJRUGHFUHDVLQJ WKH WULJJHUHIILFLHQF\ IRUPXRQVZLWKDPRPHQWXPEHORZ
*H9/c E\IRUWKHDFFHSWDQFHFRUUHFWLRQ
 8QFHUWDLQW\RI WKHLV0XRQFULWHULXP 7KHV\VWHPDWLFXQFHUWDLQW\LVDVVHVVHGE\IOXF
WXDWLQJGRZQZDUGVWKHHIILFLHQF\IRUWUDFNVZLWKDPRPHQWXPOHVVWKDQ*H9/c E\
WKHVWDWLVWLFDOXQFHUWDLQW\DQGE\IOXFWXDWLQJXSZDUGVWKHHIILFLHQF\IRUWUDFNVZLWK
DPRPHQWXPPRUHWKDQ*H9/c E\WKHVWDWLVWLFDOXQFHUWDLQW\ 7KHSURFHGXUHLV
DOVRUHSHDWHGE\FKDQJLQJWKHGLUHFWLRQRI IOXFWXDWLRQIRUWKHFRUUHVSRQGLQJWZR
FDWHJRULHV
 $FFHSWDQFH FRUUHFWLRQ 7KH DFFHSWDQFH FRUUHFWLRQZDV IOXFWXDWHG E\ ± IRU
FRV θ% FRV θK DQGERWK FRV θ% FRV θK WRJHWKHU )XUWKHUPRUHWKHVLWXDWLRQZKHUH
WKHDFFHSWDQFHFRUUHFWLRQLQ FRV θ% DQG FRV θK FDQQRWEHIDFWRULVHGLVFRQVLGHUHGDV
ZHOO 7KHZHLJKWVDVDIXQFWLRQRI ERWKDQJOHVDUHIOXFWXDWHGXSZDUGVRUGRZQZDUGV
E\ ±WRDFFRXQWIRUWKLVV\VWHPDWLFHIIHFW
 7KHZLGWKV σRI WKH*DXVVLDQFRPSRQHQWRI ERWK&U\VWDO%DOOIXQFWLRQVVKRZ
DVOLJKWGHSHQGHQFHRQ q2 ZKLFKDPRXQWVWRDVORSHFRUUHVSRQGLQJWRDERXW
7KHVHZLGWKVDUHYDULHGE\ ±LQWKHILWDQGWKHUHVXOWLVUHFDOFXODWHG
)XUWKHUPRUH VRPHFURVVFKHFNVZHUHSHUIRUPHGDVZHOO
  
 7KHILWZDVSHUIRUPHGZLWKDQGZLWKRXWUHZHLJKWLQJWKHPRPHQWXPRI WKHB LQWKH
VLPXODWLRQWRWKHYDOXHVRI WKHFROOLVLRQGDWD
 7KHILWZDVSHUIRUPHGZLWKDQGZLWKRXWUHZHLJKWLQJWKHWUDQVYHUVHPRPHQWXPRI
WKH B LQWKHVLPXODWLRQWRWKHYDOXHVRI WKHFROOLVLRQGDWD
 7KHILWZDVSHUIRUPHGZLWKDQGZLWKRXWFXWWLQJRQWKHPRPHQWXPRI *H9/c RQ
WKHKDGURQV
7KH]HURFURVVLQJSRLQWV HYDOXDWHGXQGHUWKHFKDQJHVWRWKHGDWDVDPSOHFRUUHVSRQGLQJWR
WKHV\VWHPDWLFFKHFNV DUHOLVWHGLQ7DEOH  (YHQZKHQVXPPLQJDOOV\VWHPDWLFXQFHUWDLQ
WLHVDQGWKHGHYLDWLRQVIURPWKHFURVVFKHFNVLQTXDGUDWXUH ZKLFKLVDFOHDURYHUHVWLPDWLRQ
RI WKHXQFHUWDLQW\ WKHRYHUDOOV\VWHPDWLFXQFHUWDLQW\ LVVPDOOFRPSDUHGWRWKHVWDWLVWLFDO
XQFHUWDLQW\DQGZDVQRWLQFOXGHGLQWKHRYHUDOOXQFHUWDLQW\
>b=b **) ..T*!T$/ / ./.
7RFKHFNWKHJRRGQHVVRI ILW WKH©SRLQWWRSRLQWGLVVLPLODULW\ªPHWKRG >@ >@ZDVXVHG
WRFDOFXODWHDSYDOXHIRUWKHIRUZDUGDQGWKHEDFNZDUGGLVWULEXWLRQ 7KHUHVXOWLV
pIRUZDUG = 61 
pEDFNZDUG = 73 
ZKLFKDJUHHVZHOOZLWKWKHDVVXPSWLRQWKDWWKH3') LVFRPSDWLEOHZLWKWKHGDWDSRLQWV
0RUHGHWDLOVRQWKLVPHWKRG LWVSHUIRUPDQFHDQGDOVRDQDSSOLFDWLRQWRWKHRUGHURI WKH
SRO\QRPLDOZKLFKLVXVHGIRUWKHVLJQDOSDUDPHWULVDWLRQLQ q2 FDQEHIRXQGLQ5HI >@
>b>b $)' - .0'/
7KHILQDOUHVXOWRI WKH]HURFURVVLQJSRLQWGHWHUPLQDWLRQRI WKHIRUZDUGEDFNZDUGDV\P
PHWU\ZLWKLWVXQFHUWDLQW\FDQEHVHHQLQ)LJ  7KHQXPHULFDOUHVXOW LQFOXGLQJVWDWLVWLFDO
DQGV\VWHPDWLFXQFHUWDLQWLHV LV q20 = (4.9 ± 0.9)*H9/c4 ,WLVLQJRRGDJUHHPHQWZLWK
WKHWKHRUHWLFDOO\SUHGLFWHGYDOXHVLQWKHUDQJHRI *H9/c4 >@ >@ >@
  
7DEOH  9DOXHVIRUWKH]HURFURVVLQJSRLQWDQGGHYLDWLRQIURPWKHQRPLQDOYDOXHIRUDOO
HYDOXDWLRQVRI WKHV\VWHPDWLFXQFHUWDLQW\DQGWKHSHUIRUPHGFURVVFKHFNV 7KH
W\SHFRUUHVSRQGVWRWKHW\SHJLYHQLQWKHOLVWRI V\VWHPDWLFXQFHUWDLQWLHVDQG
FURVVFKHFNV 7KHRYHUDOOV\VWHPDWLFXQFHUWDLQW\LVFDOFXODWHGE\DGGLQJDOOFRQ
WULEXWLRQVDOVRWKHRQHVIURPWKHFURVVFKHFNVLQTXDGUDWXUH 7KLVLVRYHUO\
FRQVHUYDWLYH DVVKLIWVFDQQRWRFFXULQERWKGLUHFWLRQVDWWKHVDPHWLPH +RZ
HYHU HYHQZLWKWKLVSURFHGXUHWKHV\VWHPDWLFXQFHUWDLQW\LVQHJOLJLEOHZLWKUH
VSHFWWRWKHVWDWLVWLFDO
7\SH =HURFURVVLQJSRLQWYDOXH>*H9/c4 @ 'HYLDWLRQ>*H9/c4 @
  
  
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  
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1
)LJXUH  )LQDOUHVXOWRI WKH]HURFURVVLQJSRLQWGHWHUPLQDWLRQRI AFB  ,QEOXHLV AFB
DVGHWHUPLQHGZLWKWKHXQELQQHGFRXQWLQJWHFKQLTXH WKHEODFNGDWDSRLQWV
FRUUHVSRQGWRWKHFRXQWLQJH[SHULPHQWDQGWKHUHGDUHDLVWKHFRQILGHQFH
OHYHORI VWDWLVWLFDOXQFHUWDLQW\RQWKH]HURFURVVLQJSRLQW
  
?b  .0-$)" /# Si ) P ′i
*. -1' . $) B0→ K∗0µ+µ−
,QWKHSUHYLRXVFKDSWHUV WKHXQGHUVWDQGLQJDQGSUHSDUDWLRQRI WKHFROOLVLRQGDWDVDP
SOHZDVGLVFXVVHG WKHDFFHSWDQFHFRUUHFWLRQZDVGHVFULEHGDQGWKHFRPSDULVRQEHWZHHQ
VLPXODWHGGDWDDQGFROOLVLRQGDWDZDVH[DPLQHG 7KLVILQDOO\OHDGWRWKHPHDVXUHPHQWRI
AFB, FL, A
(2)
T , A
Re
T , S3, S9, A9 DQGWKH]HURFURVVLQJSRLQWRI A)% >@ 7KHDFTXLUHG
XQGHUVWDQGLQJFDQQRZEHH[SORLWHGWRPHDVXUHWKHUHPDLQLQJLQGHSHQGHQWREVHUYDEOHV
RI B0→ K∗0µ+µ− 7KHWDVNFRQVLVWVRI VWXG\LQJWKHPD[LPXPOLNHOLKRRGILWWRWKHFROOL
VLRQGDWDDQGWKHWUHDWPHQWRI WKHXQFHUWDLQWLHVRI WKHILW )XUWKHUPRUHV\VWHPDWLFHIIHFWV
KDYHWREHXQGHUVWRRGDQGWKHLULPSDFWRQWKHUHVXOWKDVWREHHVWLPDWHG
7KLVFKDSWHUSUHVHQWVWKHPHDVXUHPHQWVRI WKHREVHUYDEOHV P ′4 P ′5 P ′6 DQG P ′8 LQWKHFRO
OLVLRQGDWDFROOHFWHGLQ 7KH P ′i REVHUYDEOHVDQGWKHLUDQJXODUGLVWULEXWLRQVZHUHLQ
WURGXFHGLQ&KDS  7KHVHREVHUYDEOHVDUHIUHHRI IRUPIDFWRUXQFHUWDLQWLHVLQWKHORZ
q2 UHJLRQ 7KHPHDVXUHPHQWZDVGRQHZLWKWKHVDPHELQQLQJVFKHPHDVWKHRWKHUDQJXODU
DQDO\VLVLQ B0→ K∗0µ+µ− 7KHXSSHUDQGORZHUERXQGDULHVRI WKHVL[ELQVDUHOLVWHGLQ
7DEOH 
7KHPHDVXUHPHQWRI WKHIRXU P ′i REVHUYDEOHVLVWKHILUVWRQHGRQHLQDQ\H[SHULPHQW
?b7b -*..T# &. 2$/# /*4 ./0$ .
,QRUGHUWRXQGHUVWDQGKRZZHOOWKH P ′i REVHUYDEOHVFDQEHH[WUDFWHGIURPWKHFRO
OLVLRQGDWDVHW VHYHUDOWR\VWXGLHVZHUHSHUIRUPHG 7KHDQJXODU3')VIRUWKH Si DQG P ′i
REVHUYDEOHVIRUWKHDQJXODUILWVDQGWKHJHQHUDWLRQRI WR\VDPSOHVDUHGHVFULEHGLQ6HFW 
DQG 
?b7b7b 0''.
7RXQGHUVWDQGWKHEHKDYLRXURI WKHILWDQGLWVXQFHUWDLQW\ XQZHLJKWHGWR\VDPSOHVZHUH
JHQHUDWHGIRU P ′i YDOXHVHYHQO\GLVWULEXWHGRYHUWKHDOORZHGUDQJHRI WKH P ′i IRUHDFK
RI WKHVL[ELQVLQ q2 $ PLQLPDOGLVWDQFHRI ZDVNHSWWRWKHERXQGDULHVLQRUGHUQRW
WRJHQHUDWHWRRPDQ\WR\VDPSOHVZLWK P ′i LQWKHQRQDOORZHGUHJLRQ 7KHYDOXHVIRU FL
DQG A(2)T ZHUHVHWWRWKHYDOXHVREWDLQHGLQWKHDQJXODUDQDO\VLVRI 5HI >@ 7KHUHVXOWV
7KHQRQDOORZHGUHJLRQLVWKHUHJLRQLQSKDVHVSDFHZKHUHWKH3') KDVDYDOXHEHORZ]HUR
  
IRUWKHPHDQYDOXHRI WKHILWVDQGWKH506 IRU P ′4 DUHVKRZQLQ)LJ  7KH506 ZDV
SUHIHUUHGWRWKHVLJPDRI D*DXVVLDQILWWRWKHGLVWULEXWLRQDVWKHGLVWULEXWLRQVWHQGHGWR
EHVOLJKWO\DV\PPHWULF 7KHUHIRUHD*DXVVLDQILWZRXOGOHDGWRDELDV $OPRVWDOOFHQWUDO
YDOXHVDQG506 DJUHHZLWKLQ ±ZLWKWKHLQSXWYDOXH $ ODUJHUGHYLDWLRQRFFXUVDWWKH
ERXQGDULHVRI WKHVHFRQG q2 ELQZKHUHWKHGLIIHUHQFHDPRXQWVWRDSSUR[LPDWHO\±RI
WKHXQFHUWDLQW\ +RZHYHU DVWKHYDOXHPHDVXUHGLQFROOLVLRQGDWDLVQRWDWWKHERXQGDULHV
LQWKLVSDUWLFXODUELQ WKLVIDFWLVQRWRI LPSRUWDQFH
7KHFDOFXODWLRQRI WKHSXOOVRQO\LQFOXGHVWKHVLJQDODQGQRFRQWDPLQDWLRQGXHWREDFN
JURXQG )XUWKHUPRUHQRZHLJKWVZHUHXVHG LQ WKHVHVDPSOHVDV LV WKHFDVH LQ WKHGDWD
VDPSOHV 7KHUHIRUH WKHVHSXOOVRQO\VHUYHDVDJXLGHOLQHDQGQRWDVDQH[DFWSUHGLFWLRQIRU
WKHELDVRI WKHFHQWUDOYDOXHDQGLWVXQFHUWDLQW\
$ QRWHRQWKHERXQGDULHV 7KHERXQGDULHVIRUWKHSXOOVZHUHFDOFXODWHGE\VDPSOLQJ
SRLQWVLQ θ%, θK DQG φ LQDSDUWLFXODUELQRI q2 )RUHYHU\VDPSOH WKH3') ZDVHYDOXDWHG
DQGLWZDVFKHFNHGLI LWEHFRPHVQHJDWLYH 7KHUHJLRQZDVFRQVLGHUHGXQSK\VLFDOLI WKH
3') EHFRPHVQHJDWLYHDWOHDVWRQFHIRUDOOVDPSOHV 7KLVFDQRQO\EHDURXJKHVWLPDWH DV
LWLVSRVVLEOHWRKDYHDFHUWDLQFRQVWHOODWLRQRI GDWDSRLQWVIURPFROOLVLRQGDWDVXFKWKDWWKH
3') LVSRVLWLYHHYHQWKRXJKLWLVLQDQXQSK\VLFDOUHJLRQDFFRUGLQJWRWKHVDPSOLQJ 7KLV
LVWKHFDVHIRURQHYDOXHRI P ′5 VHHODWHU
7DEOH  %LQQLQJVFKHPHXVHGIRUWKHDQJXODUDQDO\VHVLQB0→ K∗0µ+µ− 7KHWZRJDSV
DUHDURXQGWKH q2 YDOXHVRI WKH J/ψ DQG ψ(2S) UHVRQDQFHV 7KHILUVWELQRQO\
VWDUWVDW*H9/c4 WRDYRLGDUDSLGO\FKDQJLQJDFFHSWDQFHFRUUHFWLRQ 7KHODVW
ELQDOUHDG\VWRSVDW*H9/c4 DVWKHHIILFLHQF\YDULHVUDSLGO\DQGWKHUHLVQRW
HQRXJKSUHFLVLRQRQWKHDFFHSWDQFHFRUUHFWLRQ 7KHRYHUDOOELQQLQJVFKHPHLV
WKHVDPHDVXVHGE\WKH%HOOHFROODERUDWLRQ
%LQ 5DQJH>*H9/c4 @
 
 
 
 
 
 
506 VWDQGVIRU©URRWPHDQVTXDUHªDQGLVGHILQHGDV RMS =
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)LJXUH  0HDQDQG506 YDOXHVIRUWKHSXOOVIURPWR\VDPSOHVRI P ′4 LQDOOVL[ q2 ELQVIRU
SRVVLEOH P ′4 YDOXHVLQHDFKELQ ([FHSWIRUWKHUHJLRQVFORVHWRWKHERXQGDU\
LQELQE WKHGHYLDWLRQLVDOZD\VVPDOOHUWKDQ
  
?b7b8b '0 . !*- FL ) A(2)T
$OWKRXJKWKHYDOXHVIRU FL DQG A(2)T DUHQRWRI SULPDU\LQWHUHVWLQWKLVPHDVXUHPHQW WKH\
FRPHDVDE\SURGXFW 7ZRFURVVFKHFNVZHUHSHUIRUPHG 7KHILUVWRQHZDVWRFDOFXODWHWKH
SXOOVRI FL DQG A(2)T DVLWZDVGRQHIRUWKH P ′i REVHUYDEOHV 7KHSORWVIRU P ′4 DUHVKRZQLQ
$SSHQGL[ )7KHUHDUHWZRLVVXHVYLVLEOHLQWKHVHGLVWULEXWLRQVZKLFKDUHVKRZQLQ)LJ 
7KHILUVWRQHLVIRUWKHVHFRQGELQ ZKHUHWKHPHDQRI A(2)T LVFRQVLVWHQWO\WRRORZLQWKH
IXOOUDQJHRI P ′4 7KHUHDVRQLVWKDW A
(2)
T DSSHDUVPXOWLSOLHGZLWK (1−FL) LQWKH3'))RU
ODUJHYDOXHVRI FL (1−FL)→ 0 DQGWKHVHQVLWLYLW\LQ A(2)T YDQLVKHV 7KLVOHDGVWRDODUJH
VSUHDGRI WKHYDOXHV
7KHVHFRQGLVVXHLVSUHVHQWLQWKHODVW q2 ELQ $VWKHYDOXHIRUA(2)T LVORZ VRPHWR\VDPSOHV
KDYHDYDOXHRI A(2)T YHU\FORVHWRWKHPDWKHPDWLFDOERXQGDU\DW −1 ZKLFKLQWURGXFHVDQ
DV\PPHWULFGLVWULEXWLRQDQGWKHUHIRUHDELDVLQWKHPHDQ
$VVHHQLQWKHSUHYLRXVVHFWLRQ WKHSXOOVIRUWKHP ′4 RQO\VKRZVPDOOGHYLDWLRQVHYHQWKRXJK
WKHSXOOYDOXHVIRUA(2)T VKRZDODUJHELDV 7RXQGHUVWDQGWKHHIIHFWRI WKLVELDV WKHFROOLVLRQ
GDWDZDVILWWHGZKHUH P ′i  FL DQGA
(2)
T ZHUHOHWIORDWLQJDQGWKHYDOXHRI P ′i ZDVEOLQGHG ,Q
DVHFRQGVWHS WKHYDOXHVIRU FL DQG A(2)T ZHUHVHWWRWKHYDOXHVILWWHGLQWKHILUVWLWHUDWLRQ
SOXVDQRIIVHWFRPSRVHGRI WKHUHODWLYHGHYLDWLRQWLPHVWKHDSSUR[LPDWHXQFHUWDLQW\
%LQ
A(2)T → A(2)T + 0.5 · 0.2 
FL → FL − 0.07 · 0.2 
%LQ
A(2)T → A(2)T + 0.3 · 0.6 
FL → FL − 0.07 · 0.1 
7KLVOHDGVWRWKHGLIIHUHQFHVVKRZQLQ7DEOH  7KHHIIHFWRQ P ′4 LVPXFKVPDOOHUWKDQ
WKHVWDWLVWLFDOSUHFLVLRQZKLFKFDQEHDFKLHYHGZLWK IE−1 RI FROOLVLRQGDWD 7KHHIIHFWRQ
WKHRWKHU P ′i REVHUYDEOHVLVRI DVLPLODUVL]H
?b7b9b -*..T# & 2$/# *0)/$)"  3+ -$( )/.
:KLOHWKH P ′i REVHUYDEOHVFDQQRWEHREWDLQHGZLWKDELQQHGFRXQWLQJH[SHULPHQW WKH Si
REVHUYDEOHVFDQ $VPHDVXULQJWKH Si REVHUYDEOHV LVH[SHULPHQWDOO\DOPRVW LGHQWLFDO WR
%OLQGLQJLVDSURFHGXUHWRDYRLGDFFLGHQWDOELDVHVLQWURGXFHGE\WKHH[SHULPHQWHUE\NQRZLQJWKHUHVXOW
LQFROOLVLRQGDWDDQGDGHVLUHGUHVXOW 7KHSURFHGXUHLVPRVWO\HPSOR\HGLQGLVFRYHU\VHDUFKHVWRSUHYHQW
VHOHFWLQJRQIOXFWXDWLRQV 7KHUXOHZDVOHVVVWULFWIRUWKLVDQDO\VLVDVDELDVFRXOGQRWHDVLO\EHLQWURGXFHG
ZLWKDIL[HGHYHQWVHOHFWLRQ $ EOLQGLQJRI WKH P ′i YDOXHVZDVVWLOOSXWLQSODFHXQWLOWKHEDVLFFURVVFKHFNV
ZHUHFRPSOHWHG
  
7DEOH  5HVXOWVRI DPD[LPXPOLNHOLKRRGILWRQEOLQGHGFROOLVLRQGDWDWRHVWLPDWHWKH
LPSDFWRI ELDVHVLQ A(2)T DQG FL RQ WKH P ′i YDOXHV 7KH ILUVW ILUVW URZ IRU D
ELQLVWKHRXWFRPHRI WKHPD[LPXPOLNHOLKRRGILWZLWK A(2)T DQG FL OHIWIUHH
WKHVHFRQGURZIRUDELQLVWKHRXWFRPHRI WKHPD[LPXPOLNHOLKRRGILWZKHQ
A(2)T DQG FL ZHUHFRQVWUDLQHGDFFRUGLQJWRWKHWUDQVIRUPDWLRQVLQ(TV  
7KHYDOXHVWKHPVHOYHVDUHEOLQGHGE\DQXQNQRZQRIIVHWVRRQO\WKHGLIIHUHQFH
EHWZHHQWKHURZVRI DELQLVUHOHYDQW
7\SH 3′ )/ $
()
7
%LQ ZLWKRXWWUDQVIRUPDWLRQ   
%LQ ZLWKWUDQVIRUPDWLRQ   
%LQ ZLWKRXWWUDQVIRUPDWLRQ   
%LQ ZLWKWUDQVIRUPDWLRQ   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)LJXUH  'LVWULEXWLRQVRI A(2)T  REWDLQHGZLWKWR\VWXGLHV LQWKHVHFRQGELQDDQGWKH
VL[WKELQERI P ′4 LOOXPLQDWLQJWKHRULJLQRI WKHELDVHVLQWKHSXOOGLVWULEXWLRQ
RI A(2)T  7KHERXQGDULHVRI A
(2)
T DUHDWDQG
  
PHDVXULQJWKH P ′i REVHUYDEOHV WKHFRXQWLQJH[SHULPHQWVHUYHVDVDQLPSRUWDQWFURVVFKHFN
IRUWKHZKROHDQDO\VLV 7RXQGHUVWDQGSRVVLEOHGLIIHUHQFHVEHWZHHQDFRXQWLQJH[SHULPHQW
DQGDXQELQQHGPD[LPXPOLNHOLKRRGILWWRPHDVXUHSi DODUJHWR\VDPSOHZDVJHQHUDWHGZLWK
WKHIXOODQJXODUGLVWULEXWLRQ 7KH Si ZHUHWKHQGHWHUPLQHGE\FRXQWLQJRUE\DSSO\LQJWKH
FRUUHVSRQGLQJIROGLQJDQGILWWLQJ 7KHFRXQWLQJH[SHULPHQWZDVSHUIRUPHGE\FRXQWLQJ
WKHQXPEHURI ©IRUZDUGªDQG©EDFNZDUGªHYHQWV ZKHUHIRUZDUGDQGEDFNZDUGDUHGHILQHG
DFFRUGLQJWRWKHGHVFULSWLRQLQ6HFW  DQGLQ5HI >@ $QH[DPSOHRI WKHREWDLQHG
YDOXHVZLWKWKHQRPLQDORQHVLVJLYHQLQ7DEOH  1RODUJHGHYLDWLRQFDQEHVHHQDQGQR
ELDVSUHVHQW 7KLVPHDQVWKDWERWKPHWKRGVUHSURGXFHWKHLQSXWYDOXHFRUUHFWO\
7DEOH  &RPSDULVRQRI S5 YDOXHVREWDLQHGZLWKDFRXQWLQJH[SHULPHQWDQGZLWKDQDQ
JXODUILW SHUIRUPHGRQDGDWDVDPSOHJHQHUDWHGZLWKKLJKVWDWLVWLFVWR\H[SHUL
PHQWV %RWK WKHFRXQWLQJDQGWKHILWWLQJ DUHLQH[FHOOHQWDJUHHPHQWZLWKWKH
LQSXWYDOXH
6 LQSXWYDOXH 6 FRXQWLQJ 6 ILWWLQJ
 0.209± 0.001 0.210± 0.001
 −0.131± 0.001 −0.132± 0.001
 −0.351± 0.001 −0.352± 0.001
 −0.380± 0.001 −0.379± 0.001
 −0.342± 0.001 −0.340± 0.001
 −0.250± 0.001 −0.249± 0.001
?b8b -*..T# &. 2$/# .$(0'/  /
6HYHUDOFURVVFKHFNVZHUHSHUIRUPHGZLWKVLPXODWHGGDWD 2QHGDWDVHWLVREWDLQHGE\VLP
XODWLQJWKHGHFD\RI B0 → K∗0µ+µ− RQ©JHQHUDWRUªOHYHO 7KLVPHDQVWKDWWKHYDOXHV
REWDLQHGIURPWKLVGDWDVHWGRQRWKDYHUHVROXWLRQDQGUHFRQVWUXFWLRQHIIHFWV 7KHVHFRQG
RQHLVGDWDDIWHU©UHFRQVWUXFWLRQªOHYHO ZKHUHDOOWKHTXDQWLWLHVDUHVXEMHFWWRGHWHFWRUUHV
ROXWLRQDQGDFFHSWDQFH 7KLVGDWDVHWUHSUHVHQWVWKHFROOLVLRQGDWDZLWKWKHVDPHWULJJHU
FRQGLWLRQV VWULSSLQJVHOHFWLRQDQG%'7 DSSOLHGDV LQFROOLVLRQGDWD %RWKGDWDVHWVDUH
PXFKODUJHUWKDQWKH IE−1 RI FROOLVLRQGDWDFROOHFWHGLQ 7KHLGHDRI PDQ\FRUUHF
WLRQVZKLFKDUHGHVFULEHGLQ&KDS  LVWRJHWULGRI H[SHULPHQWDOELDVHVDQGPHDVXUHWKH
XQGHUO\LQJSK\VLFVGLVWULEXWLRQV 7KHFRPSDULVRQEHWZHHQWKHUHVXOWVREWDLQHGRQWKHWZR
GDWDVHWVWKHUHIRUHDOORZVWKLVDVVXPSWLRQWREHFKHFNHG 7KHDJUHHPHQWEHWZHHQWKHUH
VXOWVIRUWKHP ′i YDOXHV REWDLQHGRQJHQHUDWRUOHYHODQGRQUHFRQVWUXFWLRQOHYHOLQVLPXODWHG
GDWDLVVKRZQLQ)LJ  $VGHVFULEHGLQ6HFW  WKH©IROGLQJªSURFHGXUHZDVDSSOLHGWR
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)LJXUH  )LJXUHVDWRGVKRZWKHFRPSDULVRQEHWZHHQDQDQJXODUILWRQUHFRQVWUXFWLRQ
OHYHOEODFNGDWDSRLQWVDQGJHQHUDWRUOHYHOUHGGDWDSRLQWV 2YHUDOOWKHUHLV
JRRGDJUHHPHQW KRZHYHUQRWHWKDWWKHDFFHSWDQFHFRUUHFWLRQDSSOLHGWRWKH
GDWDVDPSOHRQUHFRQVWUXFWLRQOHYHOZDVQRWGHYHORSHGIRUVXFKKLJKVWDWLVWLFV
VRFHUWDLQELDVHVPLJKWEHSUHVHQW
WKHDQJOHV OHDGLQJWRWKHVLPSOLILHG3')VIRUWKH P ′i  DQGWKHUHIRUHPXVWEHDSSOLHGWRWKH
GDWDVHWDVZHOO
?b8b7b *(+-$.*)  /2  )  !$/ )  *0)/$)"  3+ -$( )/
!*- /# Si *. -1' .
7KHFRPSDULVRQEHWZHHQDFRXQWLQJH[SHULPHQWDQGDOLNHOLKRRGILWIRUWKH Si ZDVGRQH
RQJHQHUDWRUOHYHODQGRQUHFRQVWUXFWLRQOHYHOVLPXODWLRQGDWD )RU WKHUHFRQVWUXFWLRQ
OHYHOILWLQWKHLQGLYLGXDO q2 ELQV WKHVKDSHRI WKHLQYDULDQWPDVVZDVDGRXEOH&U\VWDO%DOO
IXQFWLRQ 7KHSDUDPHWHUVIRUWKHGRXEOH&U\VWDO%DOOIXQFWLRQZHUHWDNHQIURPDILWWRWKH
LQYDULDQWPDVVRI WKH B0 FDQGLGDWHVLQWKHIXOOVDPSOHRI B0 → K∗0µ+µ− 7KHUHVXOWV
  
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)LJXUH  )LJXUHDWRGVKRZWKHFRPSDULVRQEHWZHHQDFRXQWLQJH[SHULPHQWEODFN
GDWDSRLQWVDQGDQDQJXODUILW UHGGDWDSRLQWVIRU S4 S5 S7 DQG S8 RQD
VLPXODWHGVDPSOHRQJHQHUDWRUOHYHO 7KHUHLVJRRGDJUHHPHQWIRUDOOIRXURE
VHUYDEOHV 7KHDJUHHPHQWIRU S4 DQG S5 LVDWWKHVDPHOHYHODVWKHDJUHHPHQW
IRU S7 DQG S8
IRUERWKVWXGLHVDUHVKRZQLQ)LJV  DQG  %RWKFRPSDULVRQVVKRZDJRRGDJUHHPHQW
EHWZHHQWKHYDOXHVIURPWKHFRXQWLQJH[SHULPHQWDQGWKHPD[LPXPOLNHOLKRRGILW
?b8b8b 3/-/$)" /# Si *. -1' . 2$/# ) 2$/#*0/ !*'$)"
,QRUGHUWRFURVVFKHFNLI WKHIROGLQJLQWURGXFHVLUUHJXODUHIIHFWVQRWFRQVLGHUHGEHIRUH WKH
VDPSOHRQUHFRQVWUXFWLRQOHYHOZDVILWWHGZLWKWKHIXOO3') DVGHVFULEHGLQ(T  XVLQJ
(TV  DQG  DQGUHSODFLQJWKH Ii WHUPVZLWKWKH Si WHUPV 7KHUHVXOWVIRU S4 S5 S7
DQG S8 ZHUHWKHQFRPSDUHGWRWKHUHVXOWVREWDLQHGDIWHUIROGLQJWKHUHFRQVWUXFWLRQOHYHO
GDWDVHW $OOQXPEHUVDUHLQJRRGDJUHHPHQWZLWKHDFKRWKHUDQGQRV\VWHPDWLFGHYLDWLRQ
FRXOGEHIRXQG
  
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)LJXUH  )LJXUHDWRGVKRZWKHFRPSDULVRQEHWZHHQDFRXQWLQJH[SHULPHQWEODFN
GDWDSRLQWVDQGDQDQJXODUILW UHGGDWDSRLQWVIRU S4 S5 S7 DQG S8 RQD
VLPXODWHGVDPSOHRQUHFRQVWUXFWLRQOHYHO 7KHUHLVJRRGDJUHHPHQWIRUDOOIRXU
REVHUYDEOHV 7KHDJUHHPHQWIRU S4 DQG S5 LVDWWKHVDPHOHYHODVWKHDJUHHPHQW
IRU S7 DQG S8
  
?b9b $/ *) *''$.$*) /
7KHVDPSOHRI FROOLVLRQGDWDZDVILWWHGLQIRXUGLPHQVLRQV ZLWKRQHGLPHQVLRQEHLQJWKH
LQYDULDQWPDVVRI WKH B0 FDQGLGDWHLQRUGHUWRGLVWLQJXLVKVLJQDOIURPEDFNJURXQGFDQGL
GDWHV 7KHRWKHUWKUHHGLPHQVLRQVDUH φ, FRV θ% DQG FRV θK  7KHLQYDULDQWPDVVLVILWWHG
ZLWKDGRXEOH&U\VWDO%DOOIXQFWLRQIRUWKHVLJQDOFRPSRQHQWDQGDQH[SRQHQWLDOIXQFWLRQ
IRUWKHEDFNJURXQGFRPSRQHQW 7KHVDPHVKDSHZDVXVHGDVIRUWKHH[WUDFWLRQRI WKH
]HURFURVVLQJSRLQWRI A)% VHH6HFW  )RUWKHDQJOHV WKHIROGHG3')VDVGHVFULEHGLQ
6HFW  ZLWKRXWDQ6ZDYHFRPSRQHQW ZHUHXVHG )RUWKHEDFNJURXQG VHFRQGRUGHU
SRO\QRPLDOVZHUHXVHGLQHDFKDQJXODUYDULDEOH $ QRQH[WHQGHGPD[LPXPOLNHOLKRRGILWLV
XVHG $VIRUWKHVLPXODWHGVDPSOHV WKHGDWDVHWKDGWREHIROGHGIROORZLQJWKHSURFHGXUH
DVGHVFULEHGIRUWKH3')VLQ6HFW 
?b9b7b '0'/$*) *! /# .//$./$' 0) -/$)/4
7KH FROOLVLRQGDWD LVZHLJKWHG WR WDNH GLIIHUHQW FRUUHFWLRQV LQWR DFFRXQW VHH 6HFW 
7RFDOFXODWH WKHVWDWLVWLFDOXQFHUWDLQW\RQWKHILWWHGYDOXHV WKHSURILOHG ORJ OLNHOLKRRG LV
ZHLJKWHGZLWKDVFDOHIDFWRU α ZKLFKLV
α =
N∑N
i=0wi
, 
ZLWK N WKHQXPEHURI HYHQWVLQWKHVDPSOHWKHILWLVSHUIRUPHGWRDQG wi WKHZHLJKWIRU
HYHQWQXPEHU i 7KHILW\LHOGVDYDOXH sPLLbest ZKLFKFRUUHVSRQGVWRWKHPLQLPDOYDOXHRI
WKHVFDOHGSURILOHOLNHOLKRRGIXQFWLRQ 7KHXSSHUDQGORZHUERXQGVRQWKHFRQILGHQFH
OHYHODUHIRXQGE\VFDQQLQJWKHVFDOHGSURILOHOLNHOLKRRGIXQFWLRQXQWLOWKHGHYLDWLRQIURP
sPLLbest+0.5 LVWKHVPDOOHVW 7ZRH[DPSOHVRI VFDOHGSURILOHORJOLNHOLKRRGIXQFWLRQVDUH
VKRZQLQ)LJ  7KLVSURFHGXUHIDLOVLI WKHILWWHGYDOXHRI WKH P ′i REVHUYDEOHLVFORVHWRD
PDWKHPDWLFDOERXQGDU\ZLWKDYDOXHRI WKH3') EHLQJEHORZ]HUR ,QWKLVFDVHWKH sPLL
FDQQRWEHHYDOXDWHGDQ\PRUH $QDOWHUQDWLYHDSSURDFKLVSHUIRUPHGLQWKHVHVLWXDWLRQV
,QVWHDGRI VFDQQLQJWKHVFDOHGSURILOHORJOLNHOLKRRG LWLVDVVXPHGWREHV\PPHWULF 7KH
XQFHUWDLQW\FDQWKHQEHDSSUR[LPDWHGE\FDOFXODWLQJWKHFRYDULDQFHPDWUL[ V ′
V ′ = V C−1V 
ZKHUH V LVWKHFRYDULDQFHPDWUL[FDOFXODWHGIURPDILWWR − ORJL DQG C LVWKHFRYDULDQFH
PDWUL[FDOFXODWHGIURPDILWWR − ORJL′  7KHH[SUHVVLRQV − ORJL DQG − ORJL′ DUHGHILQHG
DV
  
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)LJXUH  )LJXUHDVKRZVWKHSURMHFWLRQRI WKHSURILOHOLNHOLKRRGRI P ′4 LQELQ 1RWH
WKHVOLJKWO\DV\PPHWULFFXUYH )LJXUHEVKRZVWKHSURMHFWLRQRI WKHSURILOH
OLNHOLKRRGRI P ′5 LQELQ
− ORJL = −
N∑
i=1
wi ORJ (SGI(xi)) 
− ORJL′ = −
N∑
i=1
w2i ORJ (SGI(xi)) 
,QVLWXDWLRQVZKHUH P ′i LVIDUDZD\IURPWKHERXQGDU\ ERWKPHWKRGV\LHOGUHVXOWVZKLFKDUH
YHU\FORVH
?b9b8b $/ - .0'/.
7KHUHVXOWVRI WKHPD[LPXPOLNHOLKRRGILWVIRUDOOIRXU P ′i DUHVKRZQ LQ7DEOH  $OO
XQFHUWDLQWLHVDUHFDOFXODWHGE\VFDQQLQJWKHOLNHOLKRRGH[FHSWWKHIRXUWKELQIRU P ′5 DQGWKH
ORZHUERXQGIRUWKHVL[WKELQRI P ′5 ZKLFKZHUHFDOFXODWHGXVLQJWKHFRYDULDQFHPDWULFHVRI
WKHILW ,QWKHVHFDVHV LWLVSRVVLEOHWKDWWKHQHJDWLYHHUURUH[SDQGVEH\RQGWKHERXQGDU\
)XUWKHUPRUH WKHVL[WKELQRI P ′5 LVRXWVLGHWKHDOORZHGUHJLRQZKHQFDOFXODWHGZLWKWKH
PHWKRGGHVFULEHGLQ6HFW  +RZHYHU WKHILWVWLOOFRQYHUJHVQRUPDOO\ 7KLVLVPRVW
OLNHO\GXHWRDVWDWLVWLFDOIOXFWXDWLRQZLWKWKHSDUWLFXODUYDOXHVUHDOLVHGLQFROOLVLRQGDWDEHLQJ
DQ©DOORZHGLVODQGªLQWKHQRQDOORZHGUHJLRQ $QH[DPSOHRI DILWSURMHFWLRQLQWKHLQYDULDQW
PDVVDQGWKHWKUHHDQJOHVLVJLYHQLQ)LJ 
  
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)LJXUH  7KHILJXUHVKRZVWKHUHVXOWVRI WKHPD[LPXPOLNHOLKRRGILW LQWKHWKLUGELQ
RI P ′5 7KHEOXHOLQHLVWKHFXUYHRI WKHRYHUDOO3')WKHJUHHQGDVKHGOLQHLV
WKHEDFNJURXQGFRPSRQHQWDQGUHGGDVKHGOLQHLVWKHVLJQDOFRPSRQHQW 7KH
EODFNGDWDSRLQWVDUHWKHPHDVXUHGYDOXHVIURPFROOLVLRQGDWD 7KHLQYDULDQW
PDVVRI WKHB0 FDQGLGDWHVLVVKRZQLQD WKHDQJXODUGLVWULEXWLRQVLQ φ FRV θ%
DQG FRV θK DUHVKRZQLQE FDQGGUHVSHFWLYHO\ 7KHILJXUHVIRUWKHDQJXODU
GLVWULEXWLRQVLQWHJUDWHRQO\RYHUWKHVLJQDOUHJLRQRI WKHFDQGLGDWHPDVVHVDQG
QRWRYHUWKHIXOOFDQGLGDWHPDVVUHJLRQ
  
7DEOH  &HQWUDOYDOXHVDQGVWDWLVWLFDOXQFHUWDLQWLHVFRUUHVSRQGLQJWRWKHFRQILGHQFH
UHJLRQIRU P ′4 P ′5 P ′6 DQG P ′8
%LQ 3′ 3′ 3′ 3′
 0.00+0.20−0.20 0.45+0.18−0.19 −0.24+0.22−0.21 −0.06+0.24−0.25
 −0.37+0.49−0.49 0.29+0.46−0.41 0.15+0.45−0.42 −0.15+0.48−0.50
 −0.59+0.15−0.14 −0.19+0.15−0.15 −0.04+0.15−0.15 0.29+0.15−0.15
 −0.46+0.21−0.21 −0.79+0.20−0.20 −0.31+0.22−0.21 −0.06+0.22−0.22
 0.09+0.25−0.25 −0.79+0.21−0.19 −0.18+0.23−0.22 −0.20+0.21−0.21
 −0.35+0.22−0.21 −0.60+0.18−0.18 0.31+0.22−0.22 0.06+0.24−0.24
?b9b9b *(+-$.*) 2$/# *0)/$)"  3+ -$( )/
$VIRUWKHVLPXODWHGGDWD WKH Si REVHUYDEOHVFDQEHFRPSDUHGZKHQREWDLQHGZLWKDPD[
LPXPOLNHOLKRRGILWDQGZLWKDFRXQWLQJH[SHULPHQW 7KHFRPSDULVRQLVVKRZQLQ)LJ 
$OO IRXUREVHUYDEOHVVKRZDJRRGDJUHHPHQW 7KLVFRPSDULVRQVHUYHVDVDQ LPSRUWDQW
FURVVFKHFNIRUWKHUHVXOWVWKHPVHOYHV DVFRXQWLQJLVQRWDIIHFWHGE\WKHSDUDPHWULVDWLRQV
RI WKHDQJXODUYDULDEOHVDQGE\DQ\GLIILFXOWLHVGXHWRWKHPD[LPXPOLNHOLKRRGILW
?b:b ./$(/$)" /# T21 *)/-$0/$*)
$VGHVFULEHGLQ6HFW  DQXQGHUO\LQJ6ZDYHFRQWULEXWLRQFRXOGDOWHUWKHDQJXODUGLV
WULEXWLRQLQWKHWKUHHDQJOHVDQG WKHUHIRUH WKHILQDOUHVXOW $VWKHUHZDVQRWHQRXJKGDWD
DYDLODEOHLQWKHLQGLYLGXDOELQVLQ q2 DQXSSHUOLPLWIRUWKH6ZDYHFRQWULEXWLRQZDVHV
WLPDWHG )RUWKLVSXUSRVHWR\VDPSOHVZHUHJHQHUDWHGZKHUH FS ZDVVHWWRZKLFKLV
WKHXSSHUOLPLWDWFRQILGHQFHOHYHORI DVWXG\GRQHIRUWKHILUVWDQJXODUDQDO\VLVRI
B0 → K∗0µ+µ− AS DQG A(i)S ZHUHVHWWRWKHLUXSSHUDQGORZHUOLPLWVDVGHVFULEHGLQ
(TV    7KHQXPEHURI HYHQWVLQHDFK q2 ZDVVHWWRWKHYDOXHREWDLQHGLQFROOLVLRQ
GDWD 7KHWR\VDPSOHVZHUHWKHQILWWHGZLWKWKH3') IRUWKH P ′i ZLWKRXWWKH6ZDYHFRQ
WULEXWLRQ 7KHUHVXOWVRI WKLVVWXG\DQGWKHGLIIHUHQFHVZLWKWKHQRPLQDOLQSXWYDOXHVDUH
VKRZQLQ7DEOHV    )RUWKHV\VWHPDWLFXQFHUWDLQW\ WKHODUJHVWGHYLDWLRQIURPWKH
QRPLQDOYDOXHZDVFRQVLGHUHGDQGDGGHGTXDGUDWLFDOO\WRWKHORZHURUXSSHUHUURURI WKH
V\VWHPDWLFXQFHUWDLQW\ GHSHQGLQJLI WKHGHYLDWLRQGXHWRWKH6ZDYHLVSRVLWLYHRUQHJDWLYH
1RWHWKDWWKLVLVPRVWOLNHO\DQRYHUHVWLPDWLRQRI WKHV\VWHPDWLFXQFHUWDLQW\DVWKHYDOXHV
IRU AS DQG A(i)S PLJKWQRWEHDWWKHLUSRVVLEOHERXQGDULHVLQFROOLVLRQGDWD +RZHYHU LQ
PRVWRI WKHELQVWKHGLVFUHSDQF\LVVPDOOFRPSDUHGWRWKHRYHUDOOVWDWLVWLFDOXQFHUWDLQW\
  
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)LJXUH  )LJXUHDWRGVKRZWKHFRPSDULVRQEHWZHHQDFRXQWLQJH[SHULPHQWEODFN
GDWDSRLQWVDQGDQDQJXODUILWUHGGDWDSRLQWVIRUS4 S5 S7 DQGS8 RQFROOLVRQ
GDWD 7KHUHLVJRRGDJUHHPHQWIRUDOOIRXUREVHUYDEOHV
  
7DEOH  5HVXOWVIRU P ′4, P ′5, P ′6 DQG P ′8 ZKHQJHQHUDWLQJWR\VDPSOHVZLWKDQ6 ZDYHFRQ
WULEXWLRQDQGILWWLQJZLWKRXW AS DQGWKHA(i)S ZHUHSXWWRWKHLUUHVSHFWLYHXSSHU
ERXQGDULHV 1RWHWKDWIRU P ′8 WKHWHUPZLWK AS LVQRWSUHVHQW ∆P ′i LVWKHLQSXW
YDOXHIRU P ′i ZLWKWKH6 ZDYHPLQXVWKHILWWHGUHVXOWZLWKRXW ,QPRVWRI WKH
FDVHV WKHILWWHGUHVXOWXQGHUHVWLPDWHVWKHGHYLDWLRQIURP]HUR
%LQ P ′4,fit ∆P ′4 P ′5,fit ∆P ′5 P ′6,fit ∆P ′6 P ′8,fit ∆P ′8
        
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     
7DEOH  5HVXOWVIRU P ′4, P ′5, P ′6 DQG P ′8 ZKHQJHQHUDWLQJWR\VDPSOHVZLWKDQ6 ZDYHFRQ
WULEXWLRQDQGILWWLQJZLWKRXW AS ZDVSXWWRWKHORZHUERXQGDU\ZKLOHWKH A(i)S
ZHUHSXWWRWKHLUUHVSHFWLYHXSSHUERXQGDULHV 1RWHWKDWIRU P ′8 WKHWHUPZLWK
AS LVQRWSUHVHQW ∆P ′i LVWKHLQSXWYDOXHIRU P ′i ZLWKWKH6 ZDYHPLQXVWKH
ILWWHGUHVXOWZLWKRXW ,QPRVWRI WKHFDVHV WKHILWWHGUHVXOWXQGHUHVWLPDWHVWKH
GHYLDWLRQIURP]HUR
%LQ P ′4,fit ∆P ′4 P ′5,fit ∆P ′5 P ′6,fit ∆P ′6 P ′8,fit ∆P ′8
        
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 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7DEOH  5HVXOWVIRU P ′4, P ′5, P ′6 DQG P ′8 ZKHQJHQHUDWLQJWR\VDPSOHVZLWKDQ6 ZDYHFRQ
WULEXWLRQDQGILWWLQJZLWKRXW AS ZDVSXWWRWKHXSSHUERXQGDU\ZKLOHWKH A(i)S
ZHUHSXWWRWKHLUUHVSHFWLYHORZHUERXQGDULHV 1RWHWKDWIRU P ′8 WKHWHUPZLWK
AS LVQRWSUHVHQW ∆P ′i LVWKHLQSXWYDOXHIRU P ′i ZLWKWKH6 ZDYHPLQXVWKH
ILWWHGUHVXOWZLWKRXW ,QPRVWRI WKHFDVHV WKHILWWHGUHVXOWXQGHUHVWLPDWHVWKH
GHYLDWLRQIURP]HUR
%LQ P ′4,fit ∆P ′4 P ′5,fit ∆P ′5 P ′6,fit ∆P ′6 P ′8,fit ∆P ′8
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7DEOH  5HVXOWVIRU P ′4, P ′5, P ′6 DQG P ′8 ZKHQJHQHUDWLQJWR\VDPSOHVZLWKDQ6 ZDYHFRQ
WULEXWLRQDQGILWWLQJZLWKRXW AS DQGWKHA(i)S ZHUHSXWWRWKHLUUHVSHFWLYHORZHU
ERXQGDULHV 1RWHWKDWIRU P ′8 WKHWHUPZLWK AS LVQRWSUHVHQW ∆P ′i LVWKHLQSXW
YDOXHIRU P ′i ZLWKWKH6 ZDYHPLQXVWKHILWWHGUHVXOWZLWKRXW ,QPRVWRI WKH
FDVHV WKHILWWHGUHVXOWXQGHUHVWLPDWHVWKHGHYLDWLRQIURP]HUR
%LQ P ′4,fit ∆P ′4 P ′5,fit ∆P ′5 P ′6,fit ∆P ′6 P ′8,fit ∆P ′8
        
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?b;b 4./ (/$ 0) -/$)/$ .
7KHV\VWHPDWLFXQFHUWDLQWLHVIRUWKH P ′i REVHUYDEOHVZHUHHYDOXDWHGLQWKHVDPHZD\DVIRU
WKHV\VWHPDWLFXQFHUWDLQW\RI WKH]HURFURVVLQJSRLQWRI A)% VHH6HFW  7KHLQGLYLGXDO
YDOXHV REWDLQHGE\ILWWLQJWKHGDWDVDPSOHVFRUUHVSRQGLQJWRWKHV\VWHPDWLFFKHFNV DUH
OLVWHGLQ7DEOHV * * * DQG * )RUWKHFDOFXODWLRQRI WKHRYHUDOOV\VWHPDWLFXQFHU
WDLQW\ DVOLJKWO\GLIIHUHQWSURFHGXUHFRPSDUHGWRWKHGHWHUPLQDWLRQRI WKH]HURFURVVLQJ
SRLQWRIA)% ZDVFKRVHQ 7KHUHDVRQLQJZDVWKHIROORZLQJ LWLVQRWSRVVLEOHWKDWDV\VWHP
DWLFVKLIWLVLQERWKGLUHFWLRQV XSDQGGRZQ 7KHLGHDZDVWKHQWRWDNHWKHODUJHVWGHYLDWLRQ
IURPWKHILWWHGYDOXHIRUHYHU\FDWHJRU\RI V\VWHPDWLFVDVGHILQHGLQ6HFW  7KLVPHDQV
WKDWIURPFDWHJRU\WR WKHODUJHVWGHYLDWLRQZDVWDNHQ IRUFDWHJRU\WKHODUJHVWGH
YLDWLRQIURPWKHILUVWVL[YDOXHVDQGIURPWKHODVWWZRYDOXHVZDVWDNHQ IURPFDWHJRULHV
DQGWKHODUJHVWGHYLDWLRQZDVWDNHQ 7KHGHYLDWLRQVZHUHWKHQVXPPHGTXDGUDWLFDOO\
7KHFDWHJRULHVDQGZHUHFRQVLGHUHGDFURVVFKHFNZKLFKZRXOGRQO\KDYHEHHQWDNHQ
LQWRDFFRXQW LI ODUJHGHYLDWLRQVZRXOGKDYHRFFXUUHG 7KLVZDVQRWWKHFDVH 7KHRYHUDOO
V\VWHPDWLFXQFHUWDLQWLHVUHVXOWLQJIURPWKLVSURFHGXUHDUHJLYHQLQ7DEOH 
7DEOH  2YHUDOOV\VWHPDWLFVIRUP ′4 P ′5 P ′6 DQG P ′8 7KHSURFHGXUHWRH[WUDFWWKHVHYDOXHV
IURPWKHIXOOV\VWHPDWLFDQDO\VLVLVGHVFULEHGLQWKHWH[W
%LQ P ′4 P ′5 P ′6 P ′8
    
    
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 
    
?b<b 3+ -$( )/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) 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/# *- /$' +- $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7KHH[SHULPHQWDOQXPEHUV LQFOXGLQJVWDWLVWLFDOXQFHUWDLQWLHV V\VWHPDWLFXQFHUWDLQWLHVDQG
XQFHUWDLQWLHVGXHWRWKH6ZDYHFRQWULEXWLRQDUHOLVWHGLQ7DEOH  1RWHWKDWWKHXQ
FHUWDLQW\GXH WR WKH6ZDYHFRQWULEXWLRQ LVRQO\DGGHG LQRQHGLUHFWLRQDV LW OHDGV WRD
XQLGLUHFWLRQDOVKLIW
7KHSURFHGXUHIRUWKH]HURFURVVLQJSRLQWLVRYHUO\FRQVHUYDWLYH EXWLWGRHVQRWPDWWHUDVLWVHIIHFWRQWKH
UHVXOWLVQHJOLJLEOH
  
7DEOH  ([SHULPHQWDOUHVXOWVIRU P ′4 P ′5 P ′6 DQG P ′8 7KHILUVWXQFHUWDLQW\LVWKHVWD
WLVWLFDO WKHVHFRQGXQFHUWDLQW\LVWKHV\VWHPDWLF 7KHWKLUGXQFHUWDLQW\LVRQO\
RQHVLGHGDQGVWHPVIURPWKHLQIOXHQFHRI WKH6ZDYH
%LQ 3′ 3′ 3′ 3′
 0.00+0.20+0.02+0.02−0.20−0.02 0.45+0.18+0.02+0.09−0.19−0.02 −0.24+0.22+0.03−0.21−0.03−0.04 −0.06+0.24+0.02−0.25−0.02−0.01
 −0.37+0.49+0.07−0.49−0.07−0.04 0.29+0.46+0.06+0.05−0.41−0.06 0.15+0.45+0.04+0.03−0.42−0.04 −0.15+0.48+0.07−0.50−0.07−0.01
 −0.59+0.15+0.01−0.14−0.01−0.05 −0.19+0.15+0.02−0.15−0.02−0.02 −0.04+0.15+0.05−0.15−0.05−0.02 0.29+0.15+0.02+0.02−0.15−0.02
 −0.46+0.21+0.01−0.21−0.01−0.03 −0.79+0.20+0.04−0.20−0.04−0.19 −0.31+0.22+0.01−0.21−0.01−0.05 −0.06+0.22+0.02−0.22−0.02−0.01
 0.09+0.25+0.03+0.02−0.25−0.03 −0.79+0.21+0.02−0.19−0.02−0.19 −0.18+0.23+0.02−0.22−0.02−0.02 −0.20+0.21+0.02−0.21−0.02−0.02
 −0.35+0.22+0.02−0.21−0.02−0.02 −0.60+0.18+0.03−0.18−0.03−0.08 0.31+0.22+0.02+0.10−0.22−0.02 0.06+0.24+0.03−0.24−0.03−0.00
7DEOH  7KHRUHWLFDOSUHGLFWLRQVIRU P ′4 P ′5 P ′6 DQG P ′8 LQWKH6WDQGDUG0RGHO EDVHGRQ
5HI >@
%LQ 3′ 3′ 3′ 3′
 0.171+0.010+0.009−0.013−0.009 0.533+0.028+0.017−0.036−0.020 0.084+0.035+0.026−0.021−0.026 0.019+0.013+0.013−0.008−0.013
 −0.285+0.030+0.011−0.035−0.010 −0.334+0.095+0.020−0.111−0.019 0.098+0.046+0.031−0.030−0.031 0.035+0.019+0.012−0.012−0.013
 −0.502+0.008+0.015−0.007−0.012 −0.872+0.043+0.030−0.029−0.029 0.027+0.021+0.059−0.012−0.059 0.010+0.011+0.025−0.005−0.027
 −0.541+0.072+0.009−0.070−0.007 −0.893+0.223+0.018−0.110−0.017 −0.001+0.004+0.034−0.003−0.034 −0.008+0.005+0.014−0.003−0.015
 −0.581+0.166+0.004−0.095−0.008 −0.779+0.328+0.010−0.363−0.009 0.0+0.0+0.0−0.0−0.0 −0.008+0.005+0.002−0.006−0.002
 −0.632+0.124+0.002−0.060−0.002 −0.601+0.282+0.008−0.367−0.007 0.0+0.0+0.0−0.0−0.0 −0.004+0.003+0.001−0.004−0.001
7KHWKHRUHWLFDOSUHGLFWLRQVZHUHWDNHQIURP5HI >@ 7KHFRPSDULVRQZLWKWKHH[SHUL
PHQWDOYDOXHVDUHVKRZQLQ)LJ  :KLOHWKHUHLVDJRRGDJUHHPHQWIRU P ′6 DQG P ′8 WKHUH
LVDVOLJKWGLVFUHSDQF\EHWZHHQWKHH[SHULPHQWDOQXPEHUVDQGWKHLUSUHGLFWLRQVRI P ′4 LQ
WKHKLJK q2 UHJLRQ 7KHUHLVDODUJHGLVFUHSDQF\IRU P ′5 LQWKHORZ q2 UHJLRQ 6HYHUDOFURVV
FKHFNVWRDGGUHVVDSRVVLEOHH[SHULPHQWDORULJLQRI WKHGLVFUHSDQF\LQ P ′5 DUHGHVFULEHGLQ
WKHQH[WVHFWLRQ
?b=b 0-/# - -*..T# &.
?b=b7b *(+-$.*)  /2  ) Si ) P ′i *. -1' .
$VWKHYDOXHVIRU P ′i FDQEHFDOFXODWHGXVLQJWKHYDOXHVIRU Si DQG FL ZKLFKDUHREWDLQHG
IURPDQDQJXODUILWLQDJLYHQELQ DFRQVLVWHQF\FKHFNZDVSHUIRUPHG ,WVUHVXOWLVOLVWHG
  
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)LJXUH  &RPSDULVRQRI H[SHULPHQWDOYDOXHVRI P ′4 P ′5 P ′6 DQG P ′8 ZLWKVWDWLVWLFDO V\V
WHPDWLF DQG6ZDYHXQFHUWDLQWLHVDGGHGTXDGUDWLFDOO\ DQG WKHRUHWLFDOYDOXHV
7KHXQFHUWDLQWLHVIRUWKHWKHRUHWLFDOYDOXHVLQWKHWZRODVW q2 ELQVRI P ′6 DUH
QHJOLJLEOH WKHVPDOOHUURUEDULVGUDZQIRUYLVXDOLVDWLRQSXUSRVHVRQO\
  
LQ7DEOH  DQG  7KHUH LVDYHU\JRRGDJUHHPHQWEHWZHHQWKHYDOXHVRI  WKH P ′i
VWHPPLQJIURPWKHILWDQGWKHFDOFXODWHG P ′i YDOXHVIURPWKHILWWHG Si DQG FL YDOXHV 7KH
GLVFUHSDQFLHVDUHQHJOLJLEOHFRPSDUHGWRWKHH[SHULPHQWDOSUHFLVLRQ
?b=b8b 0-/# - # &. !*- /# /#$- $) *! P ′5
7KHIROORZLQJFKHFNVZHUHGRQHWRFKHFNWKDWWKHWHQVLRQLQWKHWKLUGELQRI P ′5 LVQRWGXH
WRZURQJSDUDPHWULVDWLRQRI WKHGDWD
 7KHEDFNJURXQGZDVSDUDPHWULVHGZLWKDILUVWRUGHUSRO\QRPLDOLQVWHDGRI DVHFRQG
RUGHU 7KHHIIHFWRQWKHYDOXHRI P ′5 LVQHJOLJLEOH
 7KHOHIWVLGHEDQGZDVQRWLQFOXGHGLQWKHILW LH WKHILWVWDUWHGDW0H9/c2 LQWKH
PDVV 7KLVKDGDQHJOLJLEOHLQIOXHQFHRQWKHUHVXOW
 )LWWLQJZLWKRXWZHLJKWV 7KHGDWDZDVILWWHGZLWKRXWXVLQJWKHZHLJKWV 7KLVFKDQJHV
WKHYDOXHRIP ′5 IURP−0.19 WR−0.27 +RZHYHU QRWXVLQJWKHZHLJKWVLVDV\VWHPDWLF
PLVWDNHDQGDODUJHRYHUHVWLPDWLRQRI WKHXQFHUWDLQW\
 7KHXSSHU OLPLWRI  WKHWKLUGELQZDVFKDQJHGIURP*H9/c4 WR*H9/c4
7KLVFKDQJHVWKHYDOXHRI P ′5 IURP−0.19 WR−0.28 :KLOHWKLVLVFHUWDLQO\DQHIIHFW
LWLVPXFKWRRVPDOOWRH[SODLQWKHGLVFUHSDQF\DQGFRXOGMXVWDVZHOOEHDVWDWLVWLFDO
IOXFWXDWLRQ
7DEOH  7DEOHZLWKFURVVFKHFNVIRUWKHILWWHGP ′4 DQG P ′5 YDOXHV 7KHVHFRQGDQGIRXUWK
FROXPQVVKRZWKHYDOXHVRI P ′4 DQG P ′5 LQ WKHVL[ q2 ELQVREWDLQHGZLWKDQ
DQJXODUILWZLWKWKH3') IRU P ′4 DQG P ′5 7KHWKLUGDQGILIWKFROXPQVVKRZWKH
GHULYHGYDOXHVRI P ′4 DQG P ′5 LQWKHVL[ q2 ELQVXVLQJDQDQJXODUILWDQGGHULYLQJ
WKHYDOXHVIURP FL S4 DQG S5 $OOYDOXHVVKRZDYHU\JRRGDJUHHPHQW
%LQ 9DOXHRI P ′4 9DOXHRI S4√FL(1−FL) 9DOXHRI P
′
5 9DOXHRI S5√FL(1−FL)
    
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7DEOH  7DEOHZLWKFURVVFKHFNVIRUWKHILWWHGP ′6 DQG P ′8 YDOXHV 7KHVHFRQGDQGIRXUWK
FROXPQVVKRZWKHYDOXHVRI P ′6 DQG P ′8 LQ WKHVL[ q2 ELQVREWDLQHGZLWKDQ
DQJXODUILWZLWKWKH3') IRU P ′6 DQG P ′8 7KHWKLUGDQGILIWKFROXPQVVKRZWKH
GHULYHGYDOXHVRI P ′6 DQG P ′8 LQWKHVL[ q2 ELQVXVLQJDQDQJXODUILWDQGGHULYLQJ
WKHYDOXHVIURP FL S7 DQG S8 $OOYDOXHVVKRZDYHU\JRRGDJUHHPHQW
%LQ 9DOXHRI P ′6 9DOXHRI S7√FL(1−FL) 9DOXHRI P
′
8 9DOXHRI S8√FL(1−FL)
    
    
    
    
    
    
?b>b *)'0.$*)
7KHREVHUYDEOHV P ′4 P ′5 P ′6 DQG P ′8 LQ B0→ K∗0µ+µ− KDYHEHHQPHDVXUHGIRUWKHILUVW
WLPHH[SHULPHQWDOO\DQGFRPSDUHGWRWKHLUWKHRUHWLFDOSUHGLFWLRQDFFRUGLQJWRWKH6WDQGDUG
0RGHO 7KHSUHGLFWLRQVDUHIUHHRI IRUPIDFWRUXQFHUWDLQWLHVLQWKHORZ q2 UHJLRQ 7KHRE
VHUYDEOHV P ′6 DQG P ′8 VKRZDJRRGDJUHHPHQWZLWKWKHLUSUHGLFWLRQV 7KHREVHUYDEOH P ′4
VKRZVVRPHGLVFUHSDQF\LQWKHKLJK q2 UHJLRQ KRZHYHU WKLVPLJKWMXVWEHDVWDWLVWLFDOIOXF
WXDWLRQ 7KHREVHUYDEOH P ′5 VKRZVDGLVFUHSDQF\RI WKHRUGHURI IRXUVWDQGDUGGHYLDWLRQV
LQWKHWKLUGELQFRPSDUHGZLWKWKH6WDQGDUG0RGHOSUHGLFWLRQ 1RH[SHULPHQWDOHIIHFWKDV
EHHQIRXQG\HWWKDWH[SODLQVWKLVGHYLDWLRQ
  

7@b # )
,Q WKH/+&EGHWHFWRUFROOHFWHGPRUHWKDQ IE−1 RI FROOLVLRQGDWDDWDFHQWUHRIPDVV
HQHUJ\RI  7H9 7KHWUDFNLQJV\VWHPRI /+&ELVRI FUXFLDOLPSRUWDQFHIRUWKHDQDO\VLV
RI WKLVGDWD 2QHRI WKHWUDFNLQJGHWHFWRUV WKH7UDFNHU7XULFHQVLV77LVDVLOLFRQVWULS
GHWHFWRUZLWKIRXUOD\HUVDQGLVSODFHGXSVWUHDPRI WKHPDJQHW 7KHHIILFLHQF\WRDGGLQ
IRUPDWLRQOHIWE\DFKDUJHGSDUWLFOHLQDOD\HURI 77 WRWUDFNVVWHPPLQJIURPDSDUWLFOH
WUDYHUVLQJWKHZKROH/+&EGHWHFWRUZDVH[DPLQHGDQGLPSURYHG 7KLV©KLWDGGLQJªHI
ILFLHQF\LVDERXWIRUDEURDGPRPHQWXPUDQJH JLYHQWKDWWKHSDUWLFOH OHIWHQRXJK
LQIRUPDWLRQLQDWOHDVWWKUHHOD\HUVRI 778QGHUVWDQGLQJWKHHIILFLHQF\RI WKHWUDFNUHFRQ
VWUXFWLRQSOD\VDNH\UROHLQPDQ\SK\VLFVDQDO\VHV 7RPHDVXUHWKLVWUDFNUHFRQVWUXFWLRQ
HIILFLHQF\ DQRYHOPHWKRGZDVGHYHORSHG ,WXVHVWKHPXRQV\VWHPDQGWKH77 WRIRUP
VRFDOOHG©0XRQ77ªWUDFNVZKLFKDOORZWRWHVWWKHHIILFLHQF\WRUHFRQVWUXFWDORQJWUDFN
7KHWUDFNUHFRQVWUXFWLRQHIILFLHQF\IRUKLJKWUDQVYHUVHPRPHQWXPWUDFNVLVLQWKHUDQJH
 WKHHIILFLHQF\IRUORZWUDQVYHUVHPRPHQWXPWUDFNVDURXQG
7KHGHFD\ B0 → K∗0µ+µ− LVDQH[FHOOHQW ODERUDWRU\ IRUVHDUFKHV IRUSK\VLFVEH\RQG
WKH6WDQGDUG0RGHO 7KH]HURFURVVLQJSRLQWRI WKHIRUZDUGEDFNZDUGDV\PPHWU\RI WKH
GLPXRQV\VWHP A)% FDQEHSUHFLVHO\SUHGLFWHGGXHWRFDQFHOODWLRQRI IRUPIDFWRUXQFHU
WDLQWLHV ,WZDVPHDVXUHGIRUWKHILUVWWLPHLQDQH[SHULPHQW XVLQJDQ©XQELQQHGFRXQWLQJª
WHFKQLTXHZKLFKRQO\ UHTXLUHV OLWWOH DSULRUL DVVXPSWLRQVDERXW WKH VKDSHRI A)% 7KH
H[SHULPHQWDOYDOXHLV
q20 = (4.9± 0.9)*H9/c4,
ZKLFKLVLQJRRGDJUHHPHQWZLWKWKHRUHWLFDOSUHGLFWLRQV ,QDGGLWLRQWRWKH]HURFURVVLQJ
SRLQW IRXUQHZREVHUYDEOHVZHUHPHDVXUHGLQ B0→ K∗0µ+µ− ZKLFKKDYHDORZWKHR
UHWLFDOXQFHUWDLQW\LQWKHUHJLRQRI ORZLQYDULDQWGLPXRQPDVV 7KH\DUHFDOOHG P ′4, P ′5, P ′6
DQG P ′8 P ′6 DQG P ′8 DJUHHZHOOZLWK60 SUHGLFWLRQV ZKLOH P ′4 VKRZVDVPDOOWHQVLRQIRUKLJK
LQYDULDQWGLPXRQPDVV ZKLFK KRZHYHU LVVWDWLVWLFDOO\QRWVLJQLILFDQW 7KHREVHUYDEOH P ′5
VKRZVDGLVFUHSDQF\RQWKHRUGHURI IRXUVWDQGDUGGHYLDWLRQVLQWKHUHJLRQRI ORZLQYDULDQW
GLPXRQPDVV 7KLVGHYLDWLRQFRXOGQRWEHH[SODLQHGH[SHULPHQWDOO\VRIDU
  

b $) - /-& !$/
0XRQVWDQGDORQHWUDFNVDUHILWWHGZLWKDOLQHDUIXQFWLRQLQWKH xzDQGWKH yzSURMHFWLRQ
7KHGHULYDWLRQIRUWKHILWLQWKH xzSURMHFWLRQLVJLYHQKHUH 7KHOLQHDUIXQFWLRQLVRI WKH
IRUP
x(z) = a · z + b $
7KHSDUDPHWHUV a DQG b DUHGHWHUPLQHGXVLQJD χ2PLQLPLVDWLRQ 7KH χ2 LVGHILQHGDV
χ2 =
∑
i
(xKLWL − xILWL)2
σ2KLWL
$
→ χ2 =
∑
i
(xKLWL − (a · zKLWL + b))2
σ2KLWL
, $
ZKHUH xKLWL LVWKH xSRVLWLRQRI WKH iWKKLW xILWL WKH xSRVLWLRQRI WKHOLQHDUILWDWWKH z
SRVLWLRQRI WKH iWKKLWDQG zKLWL WKH zSRVLWLRQRI WKH iWKKLW σKLWL LVWKHXQFHUWDLQW\RQWKH
xSRVLWLRQRI WKH iWKKLW
7KHEHVWHVWLPDWRUVIRU a DQG b DVVXPLQJ*DXVVLDQHUURUVRQWKHKLWSRVLWLRQV FDQEH
IRXQGE\PLQLPLVLQJWKH χ2 ZLWKUHVSHFWWRERWKSDUDPHWHUV 7KLV\LHOGVWKHIROORZLQJWZR
HTXDWLRQV
∂χ2
∂a
= −2 ·
∑
i
xKLWL · zKLWL
σ2KLWL
+ 2a ·
∑
i
z2KLWL
σ2KLWL
$
+2b ·
∑
i
zKLWL
σ2KLWL
!
= 0 $
∂χ2
∂b
= −2 ·
∑
i
xKLWL
σ2KLWL
+ 2a ·
∑
i
zKLWL
σ2KLWL
+ 2b ·
∑
i
1
σ2KLWL
!
= 0 $
→
∑
i
xKLWL · zKLWL
σ2KLWL
= a ·
∑
i
z2KLWL
σ2KLWL
+ b ·
∑
i
zKLWL
σ2KLWL
$
→
∑
i
xKLWL
σ2KLWL
= a ·
∑
i
zKLWL
σ2KLWL
+ b ·
∑
i
1
σ2KLWL
$
  
7KHODVWWZRHTXDWLRQVFDQEHZULWWHQLQDPDWUL[IRUP(
S1 Sz
Sz Szz
)
·
(
b
a
)
=
(
Sx
Sxz
)
$
ZLWK
S1 =
∑
i
1
σ2KLWL
Sz =
∑
i
zKLWL
σ2KLWL
Szz =
∑
i
z2KLWL
σ2KLWL
Sx =
∑
i
xKLWL
σ2KLWL
Sxz =
∑
i
xKLWL·zKLWL
σ2KLWL
Sxx =
∑
i
x2KLWL
σ2KLWL
$
Sxx ZLOOEHXVHGODWHU (T $ FDQWKHQEHVROYHGZLWKPDWUL[LQYHUVLRQ(
S1 Sz
Sz Szz
)−1
=
1
D
·
(
Szz −Sz
−Sz S1
)
, $
ZLWK D WKHGHWHUPLQDQWRI WKHPDWUL[ D = S1Szz − S2z  7KHLQYHUWHGPDWUL[LVWKHVDPH
DVWKHFRYDULDQFHPDWUL[ 7KHVROXWLRQVIRUWKHEHVWHVWLPDWRUVFDQWKHEHGHULYHGDV
aˆ =
1
D
(SzzSx − SxSxz) $
bˆ =
1
D
(−SzSx + S1Sxz). $
ZLWKWKHXQFHUWDLQWLHV
σa =
√
S1
D
$
σb =
√
Szz
D
$
7KHJRRGQHVVRIILWFDQEHFDOFXODWHGDV
χ2/QGRI =
1
QGRI
·
(
Sxx + aˆ
2Szz + bˆ
2S1 − 2aˆSxz − 2bˆSx + aˆbˆSz
)
$
  
b '0'/$*) *! 0) -/$)/4 2$/#
.$ ) .0/-/$*)
7KHIROORZLQJSUREOHPRIWHQRFFXUVZKHQGHWHUPLQLQJWKHHIILFLHQF\ZLWKDWDJDQGSUREH
PHWKRG 2QHKDVWZRLQYDULDQWPDVVGLVWULEXWLRQVZLWKDSHDN IRUH[DPSOH J/ψ→ µ+µ−
ZKHUHIRURQHGLVWULEXWLRQWKHSUREHKDVWRIXOILOODFHUWDLQFRQGLWLRQZKLOHIRUWKHRWKHU
GLVWULEXWLRQQRVXFKUHTXLUHPHQWLVPDGH 7RGHWHUPLQHWKHHIILFLHQF\IRUWKLVUHTXLUHPHQW
WKHQXPEHURI VLJQDOHYHQWVLQERWKGLVWULEXWLRQVKDVWREHFRXQWHG ,I WKHGLVWULEXWLRQLV
QRWEDFNJURXQGIUHHEXWWKHEDFNJURXQGKDVDOLQHDUVKDSH DVLGHEDQGVXEWUDFWLRQFDQEH
EHSHUIRUPHG 7KHQXPEHURI VLJQDOHYHQWVHTXDOVWKHQXPEHURI HYHQWVLQDVLJQDOZLQ
GRZPLQXVWKHQXPEHURI HYHQWVLQWZRVLGHEDQGV ZKHUHWKHZLGWKRI WKHWZRVLGHEDQGV
WRJHWKHULVWKHVDPHDVWKHZLGWKRI WKHVLJQDOZLQGRZ )XUWKHUPRUH WKHGLVWDQFHEHWZHHQ
WKHOHIWVLGHEDQGDQGWKHVLJQDOZLQGRZKDVWREHWKHVDPHDVWKHGLVWDQFHEHWZHHQWKH
ULJKWVLGHEDQGDQGWKHVLJQDOZLQGRZ 6XFKDVLWXDWLRQLVGHSLFWHGLQ)LJ 
7KHHIILFLHQF\LVWKHQ
ε =
QXPEHURI FDQGLGDWHVZKHUHSUREHIXOILOOVFRQGLWLRQ
QXPEHURI FDQGLGDWHV
%
7KHXQFHUWDLQW\RQWKHHIILFLHQF\FDQWKHQEHFDOFXODWHGLQWKHIROORZLQJZD\ /HW kVLJ DQG
k6% EHWKHQXPEHURI FDQGLGDWHVWKDWIXOILOOWKHUHTXLUHPHQWLQWKHVLJQDOZLQGRZDQGLQ
WKHVLGHEDQGVUHVSHFWLYHO\ DQGOHW fVLJ DQG f6% EHWKHQXPEHURI FDQGLGDWHVWKDWIDLOWKH
UHTXLUHPHQWLQWKHVLJQDOZLQGRZDQGLQWKHVLGHEDQGV 7KHWRWDOQXPEHURI FDQGLGDWHVLQ
WKHVLJQDOZLQGRZDQGWKHVLGHEDQGV NVLJ DQG N6% LVWKHQ NVLJ = kVLJ + fVLJ DQG N6% =
k6% + f6% 7KHHIILFLHQF\LQWKLVQRWDWLRQLV
ε =
kVLJ − k6%
kVLJ + fVLJ − (k6% + f6%) %
7KHXQFHUWDLQW\FDQWKHQEHGHULYHGYLDVWDQGDUGHUURUSURSDJDWLRQ
σ2ε =
(
∂ε
∂kVLJ
)2
σkVLJ +
(
∂ε
∂k6%
)2
σk6% +
(
∂ε
∂fVLJ
)2
σfVLJ +
(
∂ε
∂f6%
)2
σf6% %
8VLQJWKHVXEVWLWXWLRQ kVLJ 6% = εNVLJ6% DQG σkVLJ6% =
√
kVLJ 6% σfVLJ6% =
√
fVLJ 6% OHDGVWR
  
σ2ε =
(1− ε)2(kVLJ + k6%) + ε2(fVLJ + f6%)
NVLJ −N6% %
=
(1− 2ε)(kVLJ + k6%) + ε2(NVLJ +N6%)
NVLJ −N6% . %
,QWKHODVWOLQHLWZDVXVHGWKDW fVLJ6% = NVLJ 6% − kVLJ 6% (TXDWLRQ % FDQQRZEHXVHGWR
FDOFXODWHWKHXQFHUWDLQW\ZKHQGHWHUPLQHGZLWKDVLGHEDQGVXEWUDFWLRQ
  
b 3/-/$*) *!  - ! - ) 1'0 
*! /# 5 -*T-*..$)" +*$)/ *! A)%
$) .$(0'/$*)
$VWKH]HURFURVVLQJSRLQWLVQRWDSDUDPHWHURI WKHA)% GLVWULEXWLRQRI WKH6WDQGDUG0RGHO
LWKDGWREHGHWHUPLQHGIURPWKH A)% GLVWULEXWLRQRI WKHVLPXODWHGVDPSOHLWVHOI 7KHIXOO
VLPXODWHGVDPSOHZDVLQWRELQVLQWKHUDQJHIURP *H9/c4 DQG *H9/c4 )RUHDFK
ELQA)% ZDVFDOFXODWHGDQGWKHGLVWULEXWLRQZDVILWWHGZLWKDOLQHDUIXQFWLRQIURP*H9/c4
WR*H9/c4 7KLVLVVKRZQLQ)LJ & 7KHH[WUDFWHG]HURFURVVLQJSRLQWLV*H9/c4
ZLWKDQXQFHUWDLQW\RI OHVVWKDQ
  
]4/c2 [GeV2q
0 2 4 6
FBA
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
)LJXUH & A)% GLVWULEXWLRQLQVLPXODWHGVDPSOH $ OLQHDUIXQFWLRQZDVILWWHGLQWKHUDQJH
*H9/c4 WR*H9/c4 WRH[WUDFWWKH]HURFURVVLQJSRLQW
  
b  -$1/$*) *! !*-(0' !*- /# Si
) P ′i *. -1' .
7KHGLIIHUHQWLDOGHFD\UDWHIRU B0→ K∗0µ+µ− QHJOHFWLQJWKHOHSWRQPDVVHVDQGDQ6
ZDYHFRQWULEXWLRQ LV
1
Γ
G4Γ
G FRV θ% G FRV θK Gφ Gq2
=
9
32pi
(
Is1 VLQ2 θK + Ic1 FRV2 θK +
(
Is2 VLQ2 θK + Ic2 FRV2 θK
)
FRV 2θ%
+I3 VLQ2 θK VLQ2 θ% FRV 2φ+ I4 VLQ 2θK VLQ 2θ% FRVφ
+I5 VLQ 2θK VLQ θ% FRVφ
+
(
Is6 VLQ2 θK + Ic6 FRV2 θK
)
FRV θ% + I7 VLQ 2θK VLQ θ% VLQφ
+I8 VLQ 2θK VLQ 2θ% VLQφ+ I9 VLQ2 θK VLQ2 θ% VLQ 2φ
)
)RUWKHVXEVHTXHQWFDOFXODWLRQV VRPHFRQVLGHUDWLRQVDUHKHOSIXO 7KHILUVWDUHWKHIRUPXODH
IRUWKH VLQ DQG FRV RI WKHVXPRI WZRDQJOHV
VLQ(α± β) = VLQα FRV β ± VLQ β FRVα '
FRV(α± β) = FRVα FRV β ∓ VLQα VLQ β '
7KHEHKDYLRXURI VLQα FRVα VLQ 2α DQG FRV 2α WHUPVXQGHUFHUWDLQWUDQVIRUPDWLRQVLV
VXPPDULVHGLQ7DEOH '
:KHQIROGLQJDGLVWULEXWLRQXVLQJRQHRI WKHUHODWLRQVLQ7DEOH ' WKHWHUPVWUDQVIRUPLQJ
ZLWKDPLQXVVLJQZLOOWKHUHIRUHFDQFHO ,QWRWDOWKHUHDUHWKUHHFDVHV
D 7KHWHUPGRHVQRWFRQWDLQDQDQJOHZKLFKLVIROGHG 7KHWHUPLVPXOWLSOLHGZLWKD
IDFWRURI WZRWRNHHSWKHQRUPDOLVDWLRQFRUUHFW
E 7KHWHUPGRHVFRQWDLQDQDQJOHZKLFKLVIROGHGDQGWKHDQJOHLVV\PPHWULFXQGHU
WKHWUDQVIRUPDWLRQ 7KHWHUPLVPXOWLSOLHGZLWKDIDFWRURI WZRDVWKHGLVWULEXWLRQV
DGGXS
F 7KHWHUPGRHVFRQWDLQDQDQJOHZKLFKLVIROGHGDQGWKHDQJOHLVDQWLV\PPHWULFXQGHU
WKHWUDQVIRUPDWLRQ 7KHWHUPFDQFHOV
  
7DEOH ' 3URSHUWLHVRI DQJXODUH[SUHVVLRQVXQGHUWKHWUDQVIRUPDWLRQVXVHGWRVLPSOLI\
WKH3')VIRUWKH Si DQG P ′i REVHUYDEOHV
([SUHVVLRQ α→ −α α→ pi − α α→ −pi − α
FRVα FRVα − FRVα − FRVα
FRV 2α FRV 2α FRV 2α FRV 2α
VLQα − VLQα VLQα VLQα
VLQ 2α − VLQ 2α − VLQ 2α − VLQ 2α
$VLQFDVHDDQGEWKHWHUPVDUHPXOWLSOLHGZLWKDIDFWRURI WZR WKHIDFWRUFDQEHQHJOHFWHG
DVWKHRYHUDOOQRUPDOLVDWLRQLVQRWRI LPSRUWDQFHIRUWKHILWWLQJSURFHGXUH RQO\WKHUHODWLYH
RQHEHWZHHQWKHGLIIHUHQWWHUPV
)XUWKHUPRUHWKHIROORZLQJUHODWLRQVDUHXVHG
Is1 =
3
4
(1− FL) '
Ic1 = FL '
Is2 =
1
4
(1− FL) '
Ic2 = −FL, '
DQGLPSOLFLWO\DOVR
S3 =
1
2
(1− FL)A(2)T '
LVXVHG
b7b -).!*-(/$*). !*- P ′4[S4
)LUVWWKH φ DQJOHLVIROGHGZLWK φ→ φ IRU φ < 0 7KLVOHDGVWRWKHGLIIHUHQWLDOGHFD\UDWH
1
Γ
G4Γ
G FRV θ% G FRV θK Gφ Gq2
=
9
16pi
(
Is1 VLQ2 θK + Ic1 FRV2 θK +
(
Is2 VLQ2 θK + Ic2 FRV2 θK
)
FRV 2θ%
+I3 VLQ2 θK VLQ2 θ% FRV 2φ+ I4 VLQ 2θK VLQ 2θ% FRVφ
+I5 VLQ 2θK VLQ θ% FRVφ
+
(
Is6 VLQ2 θK + Ic6 FRV2 θK
)
FRV θ%
)
  
7KHQWKHDQJOH φ LVIROGHGDJDLQ WRJHWKHUZLWK θ% IROORZLQJWKHUXOH φ → pi − φ DQG
θ% → pi − θ% LI θ% > pi2  $OVRDGGLQJWKH CP FRQMXJDWHGHFD\ WKLVWKHQOHDGVWR
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+
1
2
(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+
√
FL(1− FL)P ′4 VLQ 2θK VLQ 2θ% FRVφ
)
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)LUVWWKH φ DQJOHLVIROGHGZLWK φ→ φ IRU φ < 0 7KLVOHDGVWRWKHGLIIHUHQWLDOGHFD\UDWH
1
Γ
G4Γ
G FRV θ% G FRV θK Gφ Gq2
=
9
16pi
(
Is1 VLQ2 θK + Ic1 FRV2 θK +
(
Is2 VLQ2 θK + Ic2 FRV2 θK
)
FRV 2θ%
+I3 VLQ2 θK VLQ2 θ% FRV 2φ+ I4 VLQ 2θK VLQ 2θ% FRVφ
+I5 VLQ 2θK VLQ θ% FRVφ
+
(
Is6 VLQ2 θK + Ic6 FRV2 θK
)
FRV θ%
)
7KHQWKHDQJOH θ% LVIROGHG IROORZLQJWKHUXOH θ% → pi − θ% LI θ% > pi2  $OVRDGGLQJWKHCP FRQMXJDWHGHFD\ WKLVWKHQOHDGVWR
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+
1
2
(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+
√
FL(1− FL)P ′5 VLQ 2θK VLQ θ% FRVφ
)
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)LUVWWKH φ DQJOHLVIROGHGZLWK φ → pi − φ IRU φ > pi2 DQG φ → −pi − φ IRU φ < −pi2 
7KLVOHDGVWRWKHGLIIHUHQWLDOGHFD\UDWH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1Γ
G4Γ
G FRV θ% G FRV θK Gφ Gq2
=
9
16pi
(
Is1 VLQ2 θK + Ic1 FRV2 θK +
(
Is2 VLQ2 θK + Ic2 FRV2 θK
)
FRV 2θ%
+I3 VLQ2 θK VLQ2 θ% FRV 2φ
+I5 VLQ 2θK VLQ θ% FRVφ
+
(
Is6 VLQ2 θK + Ic6 FRV2 θK
)
FRV θ%
+I7 VLQ 2θK VLQ θ% VLQφ+ I8 VLQ 2θK VLQ 2θ% VLQφ
)
7KHQWKHDQJOH θ% LVIROGHG IROORZLQJWKHUXOH θ% → pi − θ% LI θ% > pi2  $GGLQJDOVRWKHCP FRQMXJDWHGHFD\ WKLVWKHQOHDGVWR
1
Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+
1
2
(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+
√
FL(1− FL)P ′6 VLQ 2θK VLQ θ% VLQφ
)
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)LUVWWKH φ DQJOHLVIROGHGZLWK φ → pi − φ IRU φ > pi2 DQG φ → −pi − φ IRU φ < −pi2 
7KLVOHDGVWRWKHGLIIHUHQWLDOGHFD\UDWH
1
Γ
G4Γ
G FRV θ% G FRV θK Gφ Gq2
=
9
16pi
(
Is1 VLQ2 θK + Ic1 FRV2 θK +
(
Is2 VLQ2 θK + Ic2 FRV2 θK
)
FRV 2θ%
+I3 VLQ2 θK VLQ2 θ% FRV 2φ
+I5 VLQ 2θK VLQ θ% FRVφ
+
(
Is6 VLQ2 θK + Ic6 FRV2 θK
)
FRV θ%
+I7 VLQ 2θK VLQ θ% VLQφ+ I8 VLQ 2θK VLQ 2θ% VLQφ
)
7KHQWKHDQJOHV θ% DQG θK DUHIROGHG IROORZLQJWKHUXOH θ% → pi − θ% DQG θK → pi − θK
LI θ% > pi2  $GGLQJDOVRWKH CP FRQMXJDWHGHFD\WKLVWKHQOHDGVWR
  
1Γ+ Γ¯
G4(Γ+ Γ¯)
G FRV θ% G FRV θK Gφ Gq2
=
9
8pi
(3
4
(1− FL) VLQ2 θK + FL FRV2 θK
+
1
4
(1− FL) VLQ2 θK FRV 2θ% − FL FRV2 θK FRV 2θ%
+
1
2
(1− FL)A(2)T VLQ2 θK VLQ2 θ% FRV 2φ
+
√
FL(1− FL)P ′8 VLQ 2θK VLQ 2θ% FRVφ
)
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B0→ K∗0µ+µ−
7KHLQWURGXFWLRQRI DQ6ZDYHPRGLILHVWKHDQJXODUREVHUYDEOHVIRUB0→ K∗0µ+µ− 8V
LQJWKHFRQYHQWLRQRI 5HIV >@DQG >@WKH6ZDYHDQJXODUGLVWULEXWLRQLVWKHIROORZLQJ
Ws =
1
4pi
(
I˜1a + I˜1b FRV θK + (I˜2a + I˜2b FRV θK) FRV 2θl + (
I˜4 VLQ θK VLQ 2θl FRVφ+ I˜5 VLQ θK VLQ θl FRVφ+
I˜7 VLQ θK VLQ θl VLQφ+ I˜8 VLQ θK VLQ 2θl VLQφ
)
:KHQQHJOHFWLQJWKHOHSWRQPDVVHV RQHKDV
I˜1a = −I˜2a (
I˜1b = −I˜2b (
DQGWKHUHIRUHWs EHFRPHV
Ws =
1
4pi
(
2I˜1a VLQ2 θl + 2I˜1b VLQ2 θl FRV θK + (
I˜4 VLQ θK VLQ 2θl FRVφ + I˜5 VLQ θK VLQ θl FRVφ+
I˜7 VLQ θK VLQ θl VLQφ+ I˜8 VLQ θK VLQ 2θl VLQφ
)
$IWHUVRPHFDOFXODWLRQVDQGZKHQZULWLQJWKHIXOODQJXODUGLVWULEXWLRQLQWKHIRUP
G4Γ
G FRV θ% G FRV θK Gφ Gq2
∝ (1− FS)PDFK∗0 + PDFS (
WKH6ZDYHFRQWULEXWLRQFDQEHZULWWHQDV
PDFS =
2
3
FS VLQ2 θ% +
4
3
AS VLQ2 θ% FRV θK + (
A(4)S VLQ θK VLQ 2θ% FRVφ+
A(5)S VLQ θK VLQ θ% FRVφ+
A(7)S VLQ θK VLQ θ% VLQφ+
A(8)S VLQ θK VLQ 2θ% VLQφ.
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ZLWK
FS =
A0,SA∗0,S
Γtot
=
ΓS
ΓK∗ + ΓS
(
AS =
√
3
Re
(
A∗L,R0 A
0(L,R)
0
)
Γtot
(
A(4)s =
√
2
3
Re
(
A∗L‖ A
0(L)
0 + A
∗R
‖ A
0(R)
0
)
Γtot
(
A(5)s =
2
√
2√
3
Re
(
A∗L⊥ A
0(L)
0 − A∗R⊥ A0(R)0
)
Γtot
(
A(7)s =
2
√
2√
3
Re
(
A∗L‖ A
0(L)
0 − A∗R‖ A0(R)0
)
Γtot
(
A(8)s =
√
2
3
Re
(
A∗L⊥ A
0(L)
0 + A
∗R
⊥ A
0(R)
0
)
Γtot
(
  
b 0''. !*- A(2)T ) FL !*- P ′4
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$OOJRRGWKLQJVPXVWFRPHWRDQHQGDQGWKLVWKHVLVLVQRH[FHSWLRQ ,WLVWKDQNVWRPDQ\
SHRSOHWKDWWKHWLPHRI P\3K' ZDVYHU\HQMR\DEOH
, DPYHU\JUDWHIXOWR8HOL6WUDXPDQQIRUJLYLQJPHWKHRSSRUWXQLW\WRGRD3K' LQKLV
JURXS , ZRXOGOLNHWRWKDQNKLPIRUJLYLQJPHDORWRI IUHHGRPLQP\3K' UHVHDUFKDQG
OHWWLQJPHSXUVXHVRPHLQGHSHQGHQWOLWWOHSURMHFWVWKURXJKRXWP\WLPHDWWKHXQLYHUVLW\
$QGDOVRIRUVKDULQJVRPHRI KLVYDVWNQRZOHGJHDERXWHYHU\WKLQJUHODWHGWRUDLOZD\V
0DQ\WKDQNVJRWR2ODI 6WHLQNDPSIRUJRRGDGYLFHWKURXJKRXWP\ZKROH3K' LQPDQ\
DVSHFWV³DQGFHUWDLQO\NQRZLQJPRUHDERXWWKHSHUIHFWSUHVHQWDWLRQWKDQDQ\RQHFRXOG
KDYHWKRXJKW
0\WKDQNVWKHQJRWKH©LVODQGHUVª -RQQ\$QGHUVRQDQG0DUN7RELQ , DPWKDQNIXOWR
-RQQ\IRUVXSHUYLVLQJPHLQWKHILUVWSDUWRI P\3K' DQGIRUKLVKDSS\DSSURDFKWRSK\VLFV
+LV©TXLFNFURVVFKHFNVªZLOODOZD\VEHUHPHPEHUHG , DPJUDWHIXOWR0DUNIRUFDUHIXOO\
SURRIUHDGLQJP\WKHVLVDQGSROLVKLQJLWV(QJOLVK WHDFKLQJPHZHLUGEDVKFRPPDQGVDQG
LQWURGXFLQJWKHRIILFHWRWKHZRQGHUIXOZRUOGRI %ULWLVKKXPRXU 6FRUFKLR
0DQ\WKDQNVDOVRJRWR-HURHQYDQ7LOEXUJ IRUPDQ\GLVFXVVLRQVDERXWWUDFNLQJDQGSURRI
UHDGLQJWKHWUDFNLQJSDUWVRI P\WKHVLV DQGWR.DWKDULQD0OOHUIRUVKDULQJKHUODUJHH[
SHULHQFHLQGHDOLQJZLWKDOODVSHFWVRI SDUWLFOHSK\VLFV
, DPLQGHEWHGWR©2XU0DQLQ*HQHYDª 1LFROD6HUUD IRUVXSHUYLVLQJWKHDQDO\VLVSDUWRI
WKLVWKHVLVDQGWHDFKLQJPHDOPRVWHYHU\WKLQJ, HYHUZDQWHGWRNQRZDERXWIODYRXUSK\VLFV
2XUFRPPRQH[FXUVLRQVLQWRWKHUHDOPRI IRUPIDFWRUXQFHUWDLQW\IUHHREVHUYDEOHVZLWK
DQHYHUFKDQJLQJQDPLQJVFKHPH GLVFXVVHGLQQXPHURXV6N\SHFRQYHUVDWLRQV FHUWDLQO\
IRUPDFRUQHUVWRQHRI WKHZRUNSUHVHQWHGLQWKLVWKHVLV $QG, DOVRWKDQNKLPIRUKLVPDQ\
QHZLGHDVDQGKLVOR\DOW\
)XUWKHUWKDQNVJRWR&KULVWRSKH6DO]PDQQIRURXUGDLO\ZHHNO\FRPPRQUDQWVGLVFXV
VLRQVDERXWSROLWLFV ODQGXVHSODQQLQJDQGWKHEHVWXVDJHRI IUHTXHQWIO\HUPLOHV 7KH
LQWURGXFWLRQLQWRKRUUHQGRXVO\ZULWWHQ%UXQHOFRGHDQGWKHNH\WRQRWJHWWLQJPDGDWLW
ZDVPXFKDSSUHFLDWHG 7KDQNVDOVRJRWR$QJHOD%FKOHUIRUKHULQYDOXDEOHFRQWULEXWLRQV
WR©0DG)ULGD\Vª DQGWR$OEHUW%XUVFKHIRUVKDULQJKLVS\WKRQNQRZOHGJHDQGKLVPXVLFDO
SUHIHUHQFHV UHPLQGLQJPHRI WKHWLPHZKHQ©+DSS\+DUGFRUHªURDPHGWKHVXUIDFHRI WKLV
SODQHW
, DPWKDQNIXOWRWKH©FUHZRI WKHRWKHU6WUDXPDQQRIILFHªIRUQRWPLQGLQJWRRPXFK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SHULRGLFRXWEXUVWVRI DQJHURUH[FLWHPHQWDERXWDQ\WKLQJDQGQRWKLQJ 0\WKDQNVJRWR
&KULVWLDQ 0DUFRDQG1LFRODIRUPDQ\LQWHUHVWLQJDQGIUXLWIXOGLVFXVVLRQV PD\LWEHDERXW
SK\VLFVRURWKHULPSRUWDQWWKLQJVLQOLIH $QGRI FRXUVHIRUWKHGLVFRYHU\RI DQXQFRXQWDEOH
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QXPEHURI WKLQJVRI SDUDPRXQWLPSRUWDQFHRQWKHZRUOGZLGHZHE 0DQ\WKDQNVDOVRJR
WR%HQDQG$UQRIRUKDYLQJDJRRGWLPHDQGDQXQIRUJHWWDEOHWULSWRWKH86RUDWOHDVWWKH
SODQVIRULW 7KDQNVDOVRWR5RPDQIRUJRRGDGYLFHLQFRPSXWLQJLVVXHVDQGWKHH[SORUDWLRQ
RI YRUWLFHVRI SXUHSURFUDVWLQDWLRQ
)XUWKHUWKDQNVJRWR5RODQG%HUQHWIRUILJXULQJRXWDQVZHUVWRFRPSXWLQJTXHVWLRQVZKLOH,
ZDVVWLOOIRUPXODWLQJWKHP $FKLP 'DQLHODQG6WHIDQIRUKHOSLQJZLWKHYHU\WKLQJKDUGZDUH
HOHFWURQLFVUHODWHGDQGP\WKHUHPLQ &DUPHOLQDIRUDQRFFDVLRQDOFRRNLHEUHDN DQG
0RQLNDDQG5XWKIRUDOZD\VPDNLQJVXUHWKHPRQH\DUULYHGDWP\EDQNDFFRXQW VWLOOOHDYLQJ
PHWRZRQGHUZKHUHLWDFWXDOO\FDPHIURPLQWKHILUVWSODFH
0\WKDQNVWKHQDOVRJRWRDOOWKHSHRSOHIURPYDULRXVLQVWLWXWHVWKURXJKRXWWKHZRUOGZKR
KHOSHGPHDQGP\SURMHFWVEHFRPHUHDOLW\
, DPYHU\JUDWHIXOWRDOOP\IULHQGVDQGWRP\SDUHQWVZKRVXSSRUWHGPHGXULQJWKHODVW
IRXU\HDUV
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